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The great advances made in chemotherapy in the last ten years have increased 
the necessity for determining immediately the bacteria responsible for individual 
eases of infection. 

In this laboratory we consider the development of methods for the rapid 
identification of bacteria to be a problem of prime importance, and whenever 
possible we use appropriately stained smears for this purpose. Our preliminary 
experience with puerperal and abortional infections showed that an immediate 
bacteriological diagnosis could be made in approximately three-quarters of the 
infections caused by Str. haemolyticus Group A. This work was based on the 
detection of capsulated cocci in Leishman-stained vaginal or cervical smears 
(Butler, 1946). 

This success encouraged us to investigate the possibility of using direct 
smears for the diagnosis of Group A infections in general. 


MATERIAL STUDIED AND METHODS USED. 


The specimens studied consisted of 1,230 throat swabs, 836 specimens from puerperal and 
abortional infections (this included the 554 previously reported) and 100 from patients with 
infected post-operative wounds, peritonitis, breast abscess, cellulitis, infections of the ear, 
joints, ete. 

The throat swabs were conveniently divided into three groups depending on the source of 
the specimens. The first consisted of specimens from 376 cases of clinical throat infection 
among R.A.A.F. personnel. Cultures on horse blood agar plates and two unstained smears made 
from the throat swab were received from each patient. 

The second group was composed of swabs from 617 children attending the Children’s 
Hospital, Melbourne. These swabs were from children with sore throats, those suffering or 
convalescent from rheumatic fever, and from contacts or suspected carriers. Smears and 
cultures on horse blood agar plates were made from the swabs on arrival at this laboratory. 

The third group consisted of: (a) swabs from 40 cases of sore throat occuring in this 
hospital and, (b) 197 swabs taken from apparently healthy nurses and students prior to 
commencing their work in the midwifery wards. Smears and cultures on horse blood agar plates 
were made from the swabs immediately they were obtained. 

The blood agar plates inoculated from the throat swabs were incubated aerobically in all 
cases and in some instances also anaerobically. 

The specimens from the puerperal and abortional infections were all obtained from cases 
in this hospital. Two smears and both aerobic and anaerobic cultures were made from either 
a vaginal or cervical swab, immediately the specimen was taken. 

Similarly, in the miscellaneous series of infections smears and aerobic and anaerobic 
cultures were made with a minimum of delay. 

All the cultures were examined after approximately 24 hours’ incubation; any haemolytic 
streptococci present were isolated in pure culture and tested with Lancefield’s precipitin sera 
for Groups A, B, C and G. 

Two smears from each specimen were examined. The first was stained with Jensen’s 
modification of Gram and the second with 0-5 p.c. Leishman stain in methyl] alcohol. 

The Leishman stain was left on the unfixed smear for three minutes, diluted with an equal 
quantity of tap water or phosphate buffer pH 7 and left on the slide for a further three minutes 
before washing the slide. In Melbourne tap water has given satisfactory results but where such 
water contains an appreciable amount of impurities the buffer is preferable. With some batches 
of Leishman stain satisfactory staining of the streptococcal capsule has been obtained when the 
stain is let act for one ur two minutes instead of three. 
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RESULTS OF EXAMINATION OF SMEARS. 


In Gram-stained smears from tissues infected with Str. haemolyticus Group A were found 
diplocoeci and short chains similar to those seen in broth cultures of this streptococcus: other 
types of bacteria were comparatively rare. Cocci similar to Str. haemolyticus Group A were 
seen in some of the smears from material which harboured aerobic streptococci other than those 
of Group A. The anaerobic streptococci seldom resembled the haemolytic types. 

Stained with Leishman, typical capsulated strains of Str. haemolyticus Group A appeared 
as small, dark purple, almost black cocci surrounded by pinkish-red or heliotrope capsules. The 
apparent structure of the capsule varied. Some preparations showed deeply stained, dense 
capsules sometimes completely obscuring the cocci themselves; in others the capsular material 
appeared to be disintegrating and many of the cocci were uncapsulated or showed only fragments 
of capsule. Only in the very severe infections were all or nearly all the diplococci capsulated. 
With capsulated strains the Leishman-stained cocci were smaller than they appeared in the 
Gram-stained smear. 

The appearance of the capsulated cocci was independent of the source of the smear. The 
only differences in the smears from the three series of cases were, firstly, in smears from throats 
there were usually fewer bacteria than in smears from the genital tract or other infected areas, 
and secondly, more amorphous material and debris were present in the throat smears. 


TABLE 1. 
Showing the relationship between the culture and the direct smear in the three groups of throat 
swabs. 
Culture. Direct smear. 

Gp.I Gp.II. Gp. III. Total. 
Str. haem. Gp. A. present No. with capsules present 132 83 30 245 
(400 cases) No. with capsules absent 63 79 13 155 
Haem. streps. not Gp. A No. with eapsules present 5 13 3 21 
present (253 cases) No. with capsules absent 54 141 37 232 
Haem. streps. not present No. with capsules present 2 8 0 10 
(577 cases) No. with capsules absent 140 293 134 567 


Throat Infections. 


The results obtained from the three groups of throat swabs are given in Table 1. 

Considering the three groups as a whole there were 400 cases in which Str. haemolyticus 
Group A was present in culture. Of these, 245 (61 p.c.) showed capsulated cocci resembling 
Sir. haemolyticus Group A in the smears. In Groups I and III the smears were made from the 
swab immediately it was taken but in Group II there was always delay, sometimes amounting to 
12 hours, before the smears were made. This may be the explanation of the lower percentage of 
positive smears in this group. Of the 238 cases with Str. haemolyticus Group A in culture of 
Groups I and ITI, 68 p.e. yielded positive smears whereas only 51 p.c. of Group II did so. 

Twenty-one positive smears (8 p.c.) were observed out of a total of 253 cases from which 
were isolated haemolytic streptococci belonging to groups other than A. Fifteen of these 
smears were from cases harbouring Str. haemolyticus Group C, two were associated with Group B 
streptococci, and four with haemolytic streptococci which failed to react with sera for Groups A, 
B, C or G. 

Of the 577 cases from which no haemolytic streptococci were recovered only 10 (2 p.c.) 
showed capsulated diplococci in the Leishman stained smears. 

Clinical data were not available for all the patients whose throat swabs were examined but 
among the cases whose histories were studied there were 152 suffering from follicular tonsillitis, 
25 from scarlet fever and 56 from acute pharyngitis. 

The results of the cultures and smears in these particular cases are given in Table 2. In 
this and the following Tables the terms positive and negative culture refer to the presence or 
absence of Str. haemolyticus Group A; the terms positive and negative smear to the presence 
or absence of capsulated diplococci in the direct smear. 

The figures given in Table 2 suggest that a higher percentage of positive smears can be 
expected in tonsillitis due to Str. haemolyticus Group A than in other types of throat infection 
caused by this organism. But falsely positive smears were also more common in tonsillitis; of 
the 70 cases of tonsillitis which did not yield Group A streptococci in culture nine showed cap- 
sulated diplococci in the direct smears, whereas a positive smear in the absence of a positive 
culture was observed only once among the cases of scarlet fever or pharyngitis. Of the ten 
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eases with positive smears but without Str. haemolyticus Group A in culture, Group C strains 
were recovered in five, Group B in one and non-haemulytic streptococci and Str. viridans in the 
others. 


TABLE 2. 
The results of cultures and direct smears in three clinical types of throat infection. 
Tonsillitis Scarlet fever Pharyngitis 
152 cases. 25 cases. 56 cases. 


Positive culture 
Positive smear 60 11 18 


Positive culture 


Negative smear 22 6 12 
Negative culture 
Positive smear 9 0 1 
Negative culture 
Negative smear 61 8 25 


Direct smears did not prove very useful for detecting healthy carriers except where there 
was a history of a recent throat infection. Of the 197 swabs taken from apparently healthy 
nurses and students in this hospital 14 showed Str. haemolyticus Group A in culture but only 
four gave positive smears and three of these were from individuals with a history of sore throat 
during the preceding six weeks. 

The failure of direct smears to detect healthy throat carriers is probably due to the compara- 
tively few haemolytic streptococci present. Throat swabbings from such individuals usually 
yield only a small number of colonies compared with that obtained in acute infections. 


Uterine Infections. 


Eight hundred and thirty-six cases of uterine infection have been studied since this work 
commenced. This series included 101 eases of infection with Str. haemolyticus Group A, and 
the direct smears from 75 (75 p.ec.) have shown capsulated diplococci. Similar capsulated 
diplocoeci were observed in the smears from 6 out of the 735 cases which did not show Group A 
streptococci in culture. 


Miscellaneous Infections. 


Capsulated diplococei were observed in the direct smears from 15 out of the 20 miscellaneous 
specimens which showed Str. haemolyticus Group A in culture but only once among the smears 
from the 80 specimens from which these streptococci were not cultivated. The cultures from 
the latter showed staphylococci, anaerobic streptococci aerobic non-haemolytie streptococci, 
Group A streptococci and pneumococci, in that order of frequency. 


TABLE 3. 
The results of cultures and direct smears in the three series of infections. 
Throat Uterine Miscellaneous Total 
infections infections infections 2,166 
1,230 cases. 836 cases. 100 cases. cases. 
Positive culture 
Positive smear 245 75 15 335 
Positive eulture 
Negative smear 155 26 5 186 
Negative culture 
Positive smear 31 6 1 38 
Negative culture 
Negative smear 799 729 79 1,607 


Table 3 gives a summary of the results obtained in the three main series of cases. 
Str. haemolyticus Group A was cultivated from 521 specimens and of these, 335 (64 p.c.) 
showed capsulated diplococci in the Leishman-stained smears. Of the 1,645 specimens from 
which Str. haemolyticus Group A was not isolated, 38 (2-3 p.c.) showed capsulated diplococci in 
the direct smears. 

















90 HILDRED M. BUTLER 


There are two likely explanations of these apparently falsely positive smears, either Str. 
haemolyticus Group A was present in the specimen but was not recovered from the culture or a 
capsulated coccus other than Str. haemolyticus Group A was present. Evidence of the latter 
possibility was obtained in some instances, although in general it was surprising how few 
strains of diplococci other than Str. haemolyticus Group A produced capsules which stained with 
Leishman. 

The one discrepancy among the 80 miscellaneous cases which did not show Str. haemolyticus 
Group A in culture, was a wound infection due to a non-haemolytic streptococcus, This 
streptococcus was capsulated in culture but failed to react with sera for Lancefield’s Groups A, 
B, C or G. 

Group C streptococci were recovered from 15 out of the 31 throat swabs which gave falsely 
positive smears. Only six of these Group C strains were tested for capsulation in culture when 
freshly isolated, but four of them gave positive results. This was the reverse of the finding for 
the puerperal infections; the 10 Group C strains from this source were uncapsulated in both 
culture and direct smear. 

The haemolytic streptococci belonging to Lancefield’s Groups B and G were net capsulated 
in culture and except for two Group B strains were not associated with capsulated diplococci in 
the direct smears. 

There was no instance of pneumococcal infection among the puerperal cases but five such 
infections were included in the miscellaneous group. In no case was this diplococcus in the 
direct smear confused with Str. haemolyticus Group A. Pneumococci were frequently isolated 
from throats but their presence was not associated with capsulated diplococci in the Leishman- 
stained smears. In addition to the morphological differences usually observed in smears stained 
with Gram between Str. haemolyticus Group A and the pneumococcus the capsules of the two 
organisms have different staining properties. The streptococcal capsule stains very poorly with 
Muir’s method and well with Leishman, while the capsules of pneumococci stain readily with 
Muir’s method and often not at all with Leishman’s stain. 


THE RELATIONSHIP BETWEEN CAPSULATION IN CULTURE AND CAPSULATION 
IN THE DIRECT SMEAR. 


Three hundred and seven of the Group A strains were tested for capsulation in culture 
within three days of their isolation. The strains were grown for two hours in serum broth. If 
capsules were not demonstrated in Leishman-stained smears from the serum broth culture at 
this stage a few drops of the culture were transferred to freshly defibrinated human blood, the 
mixture incubated for 40 minutes and the preparation examined for capsulated cocci. If 
capsules were still not present the strain was recorded as not capsulated in culture. 

The strains tested included two hundred and thirty from the throat, 65 from the genital 
tract (including the 50 already reported) and 12 from miscellaneous sources. Seventy per cent. 
of these strains produced capsules in culture. The details are given in Table 4. 


TABLE 4. 
Capsulation in culture. 
Source of strain. No. tested. No. capsulated in culture. 
Throat 230 156 
Genital Tract 65 48 
Miscellaneous 12 10 
Total 307 214 


The proportion of strains capsulated in culture in the above experiment is probably fairly 
representative of Group A strains as a whole. Among another group of strains consisting of 195 
isolated from puerperal and abortional cases prior to 1944, pod 50 from in-patients in a general 
hospital, I found that 65 p.c. produced capsules in culture. This figure is probably too low since 
this series included 30 strains from patients associated with three hospital epidemics due to 
uncapsulated strains. 

Crowley (1944) reported that 60 p.c. of 308 Group A strains produced capsules in serum 
broth cultures. Since this worker was interested primarily in hyaluronidase production she 
included in her series a number of Type IV strains collected from places outside the area from 
which the bulk of her material was drawn. The inclusion of 57 Type IV strains. only 13 of 
which were capsulated, in her total of 308 suggests that the proportion of capsulated strains 
observed was lower than that pertaining to Group A strains in general. Morison (1940) working 
with a limited number of strains which ‘‘ had not been subjected to artificial conditions to induce 
variation’’ suggested that all strains were capsulated to some extent. 
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The relaticnship between capsulation in the direct smear and capsulation in culture for the 
307 strains for which both were studied is set out in Table 5. 

In a previous publication it was shown that not only were there cases in which the infecting 
strain was capsulated in culture and yet capsules were not detected in the direct smear but also 
that in four of the puerperal cases then reported, capsulated diplococci were seen in the direct 
smear although capsules could not be demonstrated in the culture of the freshly isolated strain. 
— this earlier report seven additional discrepancies of this nature have been observed. (See 
Table 5). 


TABLE 5. 
The relationship between capsulation in culture and capsulation in the direct smear. 


Source of strain. 


Throat Genital Miscellaneous Total 
Capsulation. 230 tract 12 307 
strains. 65 strains. strains. strains. 
Capsulated in smear 
Capsulated in culture 135 42 9 186 
Capsulated in smear 
Uncapsulated in culture 5 6 0 11 
Uncapsulated in smear 
Capsulated in culture 21 6 1 28 
Uncapsulated in smear 
Uncapsulated in culture 69 11 2 82 


Consideration was given to two possible explanations of the finding that in some cases 
capsules were seen in the direct smear but could not be demonstrated in culture: either the 
capsulated cocci in the direct smear were due to the presence of a capsulated organism other than 
the Group A strain cultivated from the specimen, or the Group A strain produced hyaluronidase 
in culture thus preventing the formation of capsules. 

There was no evidence in support of the first possibility. In five of the puerperal cases and 
in three of the throat infections the haemolytic streptococcus was the only bacterium isolated 
and the direct smears showed only one type of coceus. From the remaining three specimens 
aerobie and anaerobic non-haemolytie streptococci were also cultivated but not one of them was 
capsulated under various conditions of arti ccial cultivation. 

However, the results of testing broth cultures of these strains for hyaluronidase suggested 
that production of this enzyme could be the explanation. 

One hundred and ninety-six of the strains from throats, 58 from the genital tract and ten 
from the miscellaneous series were tested for hyaluronidase production in Wright’s broth, using 
the mucin clot prevention test of McClean et al. (1943). All these strains had been tested for 
capsulation in culture. 

Ten of the strains were active producers of hyaluronidase and seven others produced small 
amounts. The ten active producers failed to form capsules in serum broth and defibrinated 
human blood but two of the seven strains which gave a positive mucin clot prevention test when 
the 18 hour Wright’s broth culture was diluted 1/5 but not at 1/10, produced capsules in two- 
hour serum broth cultures. 

When hyaluronidase production was compared with capsulation in the direct smear it was 
found that of the six strains from puerperal cases which showed capsules in the direct smear but 
not in culture, three produced sufficient hyaluronidase in Wright’s broth to prevent clot formation 
when the broth culture was diluted 1 in 320 or more and two other strains gave positive results 
at a dilution of 1 in 5. 

At first it appeared that while hyaluronidase production could be the explanation in the 
puerperal cases it failed to explain the results obtained in the five throat infections since none 
of the strains associated with the latter produced detectable amounts of this spreading factor. 
But a closer study of the results revealed that four of the five throat strains were not tested 
until two months after isolation whereas of the six puerperal strains, three were tested 
immediately they were isolated, one after four weeks and the remaining two, including the 
strain which gave a completely negative reaction, at six weeks. 

Retesting thé hyaluronidase-producing strains 3 to 8 months after the first tests showed that 
those which produced capsules in the tissues of the host had lost the power of producing 
detectable amounts of this enzyme in broth, while the strains which had not shown capsules in 
the tissues were still active producers of hyaluronidase. 

The occurrence of strains which produce capsules in the tissues although hyaluronidase is 
produced in culture suggests that in the body this enzyme is inhibited. 
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DISCUSSION. 


The foregoing results show that in certain types of infection direct smears 
will indicate the presence of Str. haemolyticus Group A in the local lesion in 60 
to 75 p.c. of patients infected with this streptococcus. On the other hand, the risk 
of a wrong diagnosis being made is small. Only 1 p.c. of the uterine and miscel- 
laneous specimens which did not yield Str. haemolyticus Group A in culture 
gave positive direct smears ; for the throat swabs the figure was just under 4 p.c. 

On the basis of studies of capsulation in culture one would not expect direct 
smears to detect more than 70 p.c. of Group A infections. But the finding that 
some strains produce capsules in the tissues but not in culture suggests that it 
should be possible to obtain a higher percentage of positive results. This latter 
possibility is however, to some extent offset by the fact that the density of the 
streptococci in the specimen, as judged by the number of colonies on plate cul- 
tures, also plays a part in obtaining a positive smear. Over half of the specimens 
which yielded Str. haemolyticus Group A. in culture but which failed to show 
capsulated diplococci in the direct smear gave less than 10 colonies on the initial 
blood agar plate, whereas such a small number of colonies was obtained from less 
than 10 p.c. of the specimens giving positive smears. 

If the results of smears and cultures for the whole series are compared, it 
is found that in 90 p.c. the smear and culture were in agreement. In other words, 
9 times out of 10 direct smears will provide the same information for the clinician 
in half an hour as can be obtained from cultures in one or two days. 

The failure to detect Str. haemolyticus Group A in approximately one-third 
of the patients infected with this streptococcus is rendered less serious than it 
might at first appear, by the parellelism between capsulation in the direct smear 
and severity of infection. Most of the cases in which Str. haemoalyticus Group A 
is not detected in direct smears are mild infections. Only one of the 26 puer- 
peral patients infected with this streptococcus whose smears failed to show cap- 
sulated diplococei was gravely ill, and the five miscellaneous cases which gave 
negative smears were localized infections without severe constitutional symptoms. 
This finding was in keeping with earlier work on capsulation in culture. Butler 
and Hill (1940) showed that the severe and fatal puerperal infections due to 
Str. haemolyticus Group A were caused by heavily capsulated variants and the 
mild infections by strains which produced little or no capsular material in cul- 
ture. Further evidence of the association of well-capsulated strains with severe 
infections was obtained from a study of the strains isolated from 50 seriously 
ill patients, those who were clinically septicaemic or who suffered from extensive 
local inflammatory lesions. All but four of the 50 strains were capsulated in 
culture. 

In addition to their use in establishing the bacterial cause in individual cases 
and thus ensuring that the seriously ill patient receives the most appropriate 
treatment with a minimum of delay, direct smears are important in the control 
of streptococcal infection. It is now well established that the presence of a 
patient infected with Str. haemolyticus Group A gives rise to contamination of 
the air of the ward, and that this is an important factor in‘the spread of such 
infections. It is clear that any method which gives an immediate bacteriological 
diagnosis of a Group A infection will enable the more rapid removal of such a 
focus of air contamination and thus provide one more means of combating the 
spread of streptococcal infections in hospital wards. 

Direct smears can also be used to help prevent the admission to ‘‘clean’’ 
wards of patients who are already infected but who do not at that time show clini- 
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eal signs of infection. As previously reported, in some of the uterine infections 
direct smears have indicated the presence of Group A streptococci 24 hours before 
the development of clinical signs of infection. 


SUMMARY. 


Direct smears stained with Gram and Leishman stains were examined from 
2,166 specimens. Twelve hundred and thirty of them were from cases of throat 
infection or healthy carriers, 836 from uterine infections and 100 from miscel- 
laneous infections. Five hundred and twenty-one of the specimens yielded Str. 
haemolyticus Group A in culture and of these, 335 (64 p.c.) showed capsulated 
diplococci in the direct smear treated with Leishman stain. The percentage of 
positive smears was higher with the specimens from the puerperal and miscel- 
laneous series than with the throat swabs. 

Capsulated diplococci indistinguishable from those of Str. haemolyticus 
Group A were seen in the smears from 38 or 2-4 p.c. of the 1,645 specimens 
which did not yield Str. haemolyticus Group A in culture. Ia the puerperal 
and miscellaneous group the number of these apparently falsely positive results 
was only 1 p.c. The higher proportion from throats was partly accounted for 
by the presence of capsulated Group C strains. 

Seventy per cent. of the 307 Group A strains which were studied when freshly 
isolated produced capsules in either serum broth of defibrinated blood. A com- 
parison between capsulation in culture and capsulation in the direct smear showed 
that not only did 186 or 87 p.c. of the 214 strains which were capsulated in 
culture show capsules in the direct smear, but that 11 of the 93 strains which 
were not capsulated in culture gave positive direct smears. It is suggested that 
this latter finding was due to the production of hyaluronidase by the freshly iso- 
lated strain and that this enzyme although active in culture was inhibited in the 
tissues of the host. 
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THE RELATION BETWEEN PLASMA COAGULATION TIME 
AND PROTHROMBIN CONCENTRATION? 
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(Accepted for publication 18th December, 1946.) 


The estimation of the clotting time of plasma using thromboplastic agents 
and calcium ions is a valuable test for the assessment of haemorrhagic tendencies, 
but it is not an indication of prothrombin concentration in a chemical sense. 
Terms such as ‘‘ prothrombin time,’’ ‘‘accelerated clotting time’’ and ‘‘ prothrom- 
bin activity’’ suggested by various authors all emphasize this point. On the other 
hand, the so-called two-stage technique elaborated by Warner, Brinkhous and 
Smith (1936) allows a quantitative estimation of prothrombin. This method, 
however, is not suitable for general use. It was therefore thought that a pro- 
cedure combining the expediency of the one-stage technique with the estimation 
of prothrombin concentration would answer questions which both techniques have 
left undecided. There are no known chemical reactions which distinguish pro- 
thrombin from proteins of the same group ; the most outstanding property of pro- 
thrombin however, is its ability to be adsorbed by a variety of compounds. Several 
substances such as tertiary calcium phosphate (Bordet and Delange, 1914), barinm 
sulphate (Dale and Walpole, 1916), magnesium hydroxide (Fuchs, 1929 and 
Seegers, 1945) and alumina gel (Quick, 1935) have been found useful for the 
removal of prothrombin from oxalated plasma. These preparations were tested 
for their ability to adsorb prothrombin by using the smallest amount which ren- 
dered oxalated plasma noncoagulable, and the adsorbates were analysed for pro- 
tein content. 

EXPERIMENTAL. 


Whole blood and M/10 sodium oxalate were mixed in the ratio 9:1 and cell-free plasma 
cbtained by centrifugation. Measured volumes of the oxalated plasma were treated with 0-1 
vol. of the adsorbent at 18-20° C. for 15 minutes, with frequent mixing. Plasma was then 
separated and tested for prothrombin activity, using homologous brain extract and M/100 eal- 
cium chloride. Figures are recorded for plasma specimens which did not clot for at least one 
hour at 37-5° C. The adsorbates were washed three times with 0-85 p.c. saline until the super- 
natant was protein free. The protein concentration in the adsorbate was estimated by Kjeldahl 
or biuret reaction. The results are shown in Table 1. 

It is apparent from the wide variations in protein values that all these substances adsorb 
other proteins apart from prothrombin, with the probable exception of BaSQ,, which has the 
further advantage of being practically insoluble in oxalated plasma and does not influence its 
pH. Still more efficient was found to be barium carbonate, as can be seen from results in 
Table 2. 

Forty-six estimations carried out on pooled human plasma obtained from 160 normal donors 
gave values for total prothrombin ranging from 1-7 to 2-7 mg. protein nitrogen per 100 ml. 
oxalated plasma. 

The oxalated plasma specimens had a pH of 7-7 to 7-8, which was altered to from 7-8 to 
7-9 by barium carbonate treatment. This change in pH has no influence on plasma coagulation 
time. In view of the fact that BaCOg adsorbed less protein than any other adsorbent a closer 
investigation, with the view in mind of using this technique for a chemical prothrombin estima- 
tion, was carried out. 





1 From a paper presented to the Australian and New Zealand Association for the Advance- 
ment of Science Congress, Adelaide, August, 1946. 


2 Working under a full-time grant from the National Health and Medical Research Council. 
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TABLE 1. 
Mg. protein nitrogen 

Type of No.of adsorbed per 100 ml. 
Adsorbent. plasma. estimations. of plasma. 
Cag(PO,4)o Human 2 40 

Rabbit 1 33 
Mg(OH)>o Human 3 9-11 
Colloidal 
Al,O3 Human 7 18-32 
1-1 mg./ml. 
plasma Rabbit 5 19-30 
CyAl,03 Human 2 40-49 
(Freshly Rabbit 1 49 
prepared) Guinea-pig 2 30-40 
CyAlhO3 Human 9 12-18 
(Aged) 
1-1-13 mg./ml. 
plasma Rabbit a 10-17 

Guinea-pig 3 7-16 
BaSO, 
(A) 10-8 mg./ml. Human 1 2-66 

plasma. Human 5 2-0-2-6 
(B) 20-6 mg./ml. 
plasma. 


As ean be seen from results given in Table 3 the removal of prothrombin by barium car- 
bonate appears to be an adsorption and not a chemical reaction, since the temperature coeffi- 
cient (Q10°) between 8° C. and 28° C. was found to be 1-06 and 1-07, whilst higher values 
would be expected for a chemical reaction. 

Equilibrium was not established during 15 minutes’ reaction time when judged by coagula- 
tion time of the filtrates as seen in Fig. 1. 

On the other hand, practically constant amounts of protein were found to be adsorbed after 
15 minutes’ treatment. (Fig. 2.). 
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Estimation of prothrombin activity in fil- periments. Reaction temperature 19° C. 
trates by Quick’s technique. Estimation of adsorbed prothrombin by the 


O and e denote independent experiments. biuret reaction, 
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TABLE 2. 
Comparison between BaSOx and BaCOz as prothrombin adsorbents. 


Mg. protein nitrogen adsorbed from 
100 ml. human oxalated plasma. 


by BaSO, by BaCO3 
1 2-59 2-3 
2 2-58 2-02 
3 2°3 1-75 
4 2-0 1-8 
5 2-10 1-95 
TABLE 3. 
Influence of temperature on adsorption by BaCOz. 

P.c. prothrom- Mg. p.c. protein Mg. p.c. protein 
bin removed ac- nitrogen in ad- nitrogen in total 
cording to coagu- sorbate. prothrombin. 

t° C. lation time. ( Found.) (Caleulated.) 
28 100 2-30 2-30 
18 93 2-145 2-31 
8 88 2-145 2-44 
TABLE 4. 


Influence of cellular elements on protein adsorption by BaCO3. 


Human oxalated plasma specimens were obtained after settling by gravitation, and by 
centrifugation, and platelet counts were carried out, using the technique of Rees and Ecker 
(1923). All specimens showed the same prothrombin time (13 seconds) before barium carbonate 
treatment. 

Figures for protein nitrogen are given in mg. per 100 ml. oxalated plasma. 


Platelet count Protein nitrogen Protein nitrogen 
X 108 in emm. in BaCO3 in total 
plasma. adsorbate. prothrombin. 
1 456 12-0 13-6 
la 50 2°7 3°7 
2 500 12-2 12-9 
2a 40 2-7 2-9 
3 44 2-0 2-0 
4 14 1-9 1-9 
5 14 1-7 1-7 
6 20 1-83 1-83 
TABLE 5. 


Methods of protein estimation in BaCOz adsorbate. 


Biuret after 


Biuret trichloracetic 
(direct). acid. Kjeldahl. Weight 
Mg. p.c. Mg. p.c. Mg. p.c. Mg. p.c. 
nitrogen. nitrogen. nitrogen. protein. 
2-66 2-66 — — 
1-94 1-94 _— — 
7 1-78 1-80 —_— _ 
2°63 — 2-62 — 
2-20 _ 1-97 — 
2-48 — _— 17-5 
(X 7 =17°3)* 
2-90 — — 21:1 


(x 7 = 20-3)* 


* For the conversion into protein, factor 7 was applied. 
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As shown in Fig. 1, the resuits suggested that prolonged treatment at room temperature 
may lead to secondary reactions. Therefore, the subsequent adsorptions were carried out at 
0-5° C. for 15 minutes. It is essential to remove cellular elements completely from the oxalated 
plasma because their presence will lead to erroneously high protein values in the adsorbate. 
See Table 4. 

Prothrombin was estimated in the BaCOg 
adsorbate by four different procedures. See 
Table 5. 

Essentially similar results were obtained 
indicating that most of the nitrogenous mat- 
ter was present as protein. In order to ensure 
the applicability of the biuret reaction for 
this estimation of prothrombin the following 
experiment was carried out: 

1-74 litres of oxalated bovine plasma 
were treated with enough barium carbonate 
to remove 90 p.c. of the prothrombin activity. 
The suspended material was isolated by cen- 
trifugation, washed with 0-85 p.c. saline until 
free of plasma proteins and the insoluble 
material was treated with 10 p.c. trichloracetic 
acid. It was then washed with 5 p.c. trichlor- 
acetic acid, until free of barium ions and the 
residue treated with absolute alcohol and 0.2 0.4 0.6 
acetone and finally dried at 105° C. to con- x . . 
stant weight. The product had the following Mg. Protein litrogen 
composition: 


14-2 p.c. nitrogen (Micro-Kjeldahl) ; Fig. 3. Colour intensity in the biuret re- 
4-9 p.c. carbohydrate (Sérenson and tion. — : 

Haugaard, 1933) ; O Bovine prothrombin. @ Human serum pro- 
2-8 p.c. glucosamine (Palmer et al., *@'2- 

(1937). 


The biuret reaction carried out on this product was compared with that given by total protein 
of human serum (Fig. 3). 


From the results illustrated in Fig. 3, it is apparent that the colour intensities of the two 
products are identical per unit weight of nitrogen. 

Evidence for preferential adsorption of prothrombin by barium carbonate may be adduced 
from experiments in which equal volumes of plasma were treated with increasing amounts of 
BaCOz suspension. The clotting times of the filtrates were estimated by the Quick technique 
(1938), using homologous brain. 

The prothrombin activities in the filtrates were compared with those obtained by dilution 
of untreated plasma with plasma from which prothrombin had been completely removed by 
adsorption either on CyAloOg or BaCOsg, since it was observed by Fantl and Nance (1946a) that 
plasma diluted with isotonic saline gave different results. (Table 6). 
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TABLE 6. 
Human oxalated plasma (pooled from five donors) fractionation with barium carbonate. 


2. hrom- — : 
em mene Mg. p.c. protein nitrogen. (Biuret). 


Mg. barium calculated from Calculated 
carbonate per clotting time of Found in for total 
ml. plasma. filtrate. adsorbate. prothrombin. 
1.73 60 1- 1-67 
2-16 75 1-2 1-6 
2-59 86 1-45 1-68 
3°02 94 1-55 1-65 
3-46 98 1-85 1-88 


Average 1-69 


From the figures recorded it appears that a satisfactory proportionality exists between the 
amounts of adsorbed protein and prothrombin activity. The adsorption process, however, is 
not specific since proteins are also removed from prothrombin-free solutions such as serum. For 
instance 2-9 mg. barium carbonate per ml. oxalated plasma removed 2-145 mg. protein nitrogen 
per 100 ml. whilst the same amount of barium carbonate adsorbed 0-8 mg. protein nitrogen from 
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100 ml. serum. It is possible that from oxalated plasma other proteins and also nonproteins apart 
from prothrombin are adsorbed. This point is under investigation. 

Because of the nonspecificity of the adsorption, protein estimations in the adsorbate bear 
10 relationship to the prothrombin concentration unless an estimation of prothrombin activity 
in the filtrate is carried out by estimating coagulation time, and the two results correlated. 

It has been observed previously (Fantl, 1945) that the optimal calcium ion concentration 
for the prothrombin estimation was 0-01 M using homologous brain with human plasma. How- 
ever, Jaques (1945) pointed out that the calcium ion requirement may be different in low pro- 
thrombin concentrations from that in higher ones. Results of relevant experiments are re- 
corded in Table 7. They indicate that under our experimental conditions 0-01 M calcium chlo- 
ride was optimal in markedly varying prothrombin concentrations. 


TABLE 7. 


Influence of CaCl. concentration on plasma coagulation time of oxalated human plasma 
treated with BaCOs. 


Concentration of CaCl. solution added. 


0-005 M 0-01 M 0-025 M 0-05 M 0-08 M 
1 — 40 51 116 240 
2 co 150 210 360 — 


6 p.c. homologous brain extract was used. Temperature 37°5° C. 
Prothrombin time given in seconds. 


An oxalated plasma which does not clot in the one-stage procedure is not necessarily free 
ef prothrombin as has been found by Nolf (1945) because the normal antithrombin concentra- 
tion of plasma may inhibit small amounts of prothrombin. 

Tn order to test the inhibiting influence of the anti-thrombin, five normal human plasma 
specimens were treated with barium carbonate and from the filtrates the euglobulin fraction was 
prepared by CO, precipitation. This was dissolved in veronal buffer. pH 7-74, containing 
M/100 oxalate, and prothrombin estimations carried out on the isolated fraction. (Table 8). 
The results indicate that from untreated normal plasma about one-third of the original pro- 
thrombin activity could be recovered. 


TABLE 8. 


Recovery of prothrombin by precipitation of tenfold diluted oxalated plasma with carbon 
dioxide at 0° C. 


Coagulation time in seconds. 


Prothrombin Prothrombin 
time before time after P.c.prothrom- Coagulation time 
BaCO3 treat- BaCOz treat- bin present in of isolated pro- P.c. prothrom- 
ment. ment. filtrate. thrombin fraction. bin recovered. 
13 ~- 100 25 34 
13 300 4 330 4 
3 90 10 150 7-5 
13-5 90 10 270 5 
13-5 156 7 720 3 


TABLE 9. 
Influence of dilution with NaCl and/or oxalate on protein adsorption by BaCOg. 


Normal pooled human oxalated plasma was used, 3-7 mg. BaCOg per ml. plasma. 


Prothrombin 

activity in fil- Protein nitrogen 

trate after for total pro- 

Ml. oxalated Ml. 0-85 p.c. Ml. M/10 BaCOz treat- thrombin in mg. 
plasma. NaCl. NagCo20q4. ment.* p.c. 
20 — _— 17-5 p.c. 2-15 
20 10 -- 13-5 p.e. 1-97 
20 3 2 17-5 p.e. 1-98 
20 2 3 17-5 p.c. 2-15 
20 _ 5 — 1-55 
20 5 5 10-0 p.e. 1-80 


* These prothrombin estimations were carried out using 0-025 M CaCly. 
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Assuming a similar loss in the barium carbonate treated specimens it is unlikely that the 
anti-thrombie activity of normal human plasma is able to inhibit more than 10 p.c. of the 
potential prothrombin activity. In order to see whether the oxalate concentration has an 
uifiuence on the adsorption by barium carbonate, normal human plasma specimens were diluted 
with saline and sodium oxalate and then treated with barium carbonate. 

The results indicate that the changes in oxalate concentration which would be expected from 
varying plasma volumes have hardly any influence on the result except in cases of high oxalate 
concentration which are not likely to occur. 

The age of the barium carbonate preparation has a distinct influence on its adsorptive 
power, the activity decreasing on standing. However, results obtained with two preparations 
of different age agreed within experimental error, as is shown in Table 10. 


TABLE 10. 
Influence of ageing on the adsorptive power of BaCOz. 


3-7 mg. BaCOgz per ml. normal human oxalated plasma were used in each case. 


P.c. prothrombin adsorption caleulated from Total prothrombin adsorbed calculated as mg. 
coagulation times of filtrates. protein nitrogen per 100 ml. plasma. 


Barium carbonate: 
(a) Freshly prepared. (b) 17 days old. In (a). In (b). 
1. >99 85 2-01 1-94 
2. >99 90 2-7 2-4 


Preparation of Barium Carbonate. 

At room temperature 43-5 ml. 10 p.c. Na,COs were added slowly with constant stirring to 
100 ml. 10 p.c. BaCl,2H».O. The barium carbonate precipitate was allowed to settle and then 
washed with distilled water by decantation until chloride-free. The precipitate was taken up in 
a minimum volume of water. The strength was estimated by titration with N/10 acid. Suspen- 
sions having 60-100 mg. BaCOs per ml. were used. 


Preparation of Plasma. 


Whole blood was thoroughly mixed with one-ninth of its volume of M/10 sodium oxalate, 
centrifuged in a graduated tube, and the plasma volume measured. 


Procedure. 


5-20 ml. oxalated cell-free plasma were measured into a centrifuge tube and cooled in ice 
water (1-5° C.) and such an amount of barium carbonate added which was found on a prelimin- 
ary sample to remove 60-90 p.c. of the prothrombin activity, usually 3-5 mg. BaCO; per ml. 
of plasma was found adequate. The adsorption was carried on for 15 minutes with frequent 
shaking and the contents centrifuged for 10 minutes mean radius 16-5 em. at 3,000 r.p.m. The 
partially deprothrombinized plasma was removed and the clotting times of it as well as of an 
untreated plasma sample were measured. A dilution curve using fresh plasma diluted with 
completely deprothrombinized plasma was then established, using Quick’s technique (1938) with 
6 p.c. homologous thromboplastin suspensions and 0-01 M CaClo. The barium carbonate residue 
was drained, then suspended in 0-85 p.c. saiine (a volume similar to that of the original plasma 
was used) and this procedure repeated twice more. It was ascertained that the washing pro- 
cedure did not result in any loss of prothrombin activity. 

The barium carbonate precipitate was transferred to a centrifuge tube with a mark at 
5 ml., using 3-5 ml. water. 1 ml. 15 p.c. NaOH was added, warmed to 60° C. and the particles 
well distributed to ensure solution of the adsorbed protein. After cooling to room temperature 
0-125 ml. of 20 p.c. copper sulphate solution was added and the volume made up to 5 ml. with 
distilled water. The further treatment was according to the technique of Robinson and Hogden 
(1940). 

A standard curve was prepared using diluted human serum in which protein nitrogen had 
been determined by a Kjeldahl technique and the readings were taken in a photo-electric colori- 
meter using green filters having a maximal transmission of 510-550 mu. The amount of pro- 
tein nitrogen thus found was related to the amount of prothrombin estimated in the barium car- 
bonate treated plasma and calculated for 100 ml. 


DISCUSSION. 


The proposed chemical determination of prothrombin rests on several assump- 
tions, the most important being that prothrombin is a protein. For this assump- 
tion we rely on the findings of Seegers, Loomis and Vandenbelt (1945), who iso- 
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lated prothrombin from bovine plasma and described it as a homogenous pro- 
tein as indicated by electrophoretic mobility. Evidence for preferential adsorp- 
tion of prothrombin by barium carbonate is as follows : 

Between 1-7 and 2-7 mg. protein nitrogen are removed by BaCOg from 
100 ml. of normal human oxalated plasma, which after the treatment does not 
show any prothrombin activity. The protein fraction isolated in a similar man- 
ner from bovine plasma contained 14-2 p.c. nitrogen. On the assumption that 
human prothrombin had a similar nitrogen content it would correspond to 
12-19 mg. p.c. prothrombin. Making allowance for the dilution by oxalate, the 
prothrombin concentration for normal human plasma would therefore be 15-23 mg. 
per 100 ml. These values are in good agreement with those obtained by the two- 
stage technique of Warner, Brinkhous and Smith (1936), who state that human 
plasma contains approximately 300 Iowa units per ml. Acording to Seegers, 
Loomis and Vandenbelt, 1 mg. prothrombin is equivalent to 1,500 units, thus 
human plasma would contain 20 mg. p.c. prothrombin. The close agreement be- 
tween this figure and the above results supports the validity of the chemical pro- 
thrombin assay. 

It has been shown by Fant] and Nance (1946b) that barium carbonate does 
net destroy prethrombin activity, since it was possible to separate active pro- 
thrombin in good yield from the adsorbate from fresh as well as aged plasma. 
Barium carbonate is soluble in plasma to the extent of 0-042 grams per litre at 
19° C. but the excess can be removed by NaoSO4, making the prothrombin-free 
plasma available for other purposes. 


SUMMARY. 


Adsorption of prothrombin from oxalated plasma on tertiary calcium phos- 
phate, magnesium hydroxide, various alumina gel preparations, barium sulphate 


and barium carbonate, has been investigated. Protein estimations carried out on 
the adsorbates indicated that the last two compounds adsorbed the smallest amount 
of protein in making plasma prothrombin-free. Although the adsorption process 
is not specific, it appears to be preferential for prothrombin. An estimation of 
prothrombin concentration based on the determination of adsorbed protein in 
eonjunction with a one-stage procedure for the estimation of prothrombin activity 
is suggested. The amount of prothrombin present in normal human plasma is 
found by this technique to be 2-0-3-4 mg. protein nitrogen per 100 ml. plasma. 
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In a preceding paper (Lippay, 1944) the results of nerve stimulation with 
currents of very short duration (small fractions of the chronaxie) were presented. 
It was found that for such short electric shocks the minimal electric quantities 
(quantities required for threshold effects) decrease progressively with decreasing 
durations. Thus the quantity-duration curves (threshold quantities plotted against 
duration) which at durations above the chronaxie are either perfectly straight 
or very slightiy S-shaped!, show at durations below the chronaxie a characteristic 
strong concavity towards the time axis. Within the range examined no lower 
limit for the minimal electric quantities was found. 

As short electric stimuli have not been sufficiently investigated it was 
desirable to extend the above experimental study in order to obtain further 
data required for a more complete knowledge of the law of electric stimulation. 
It was of interest in this respect to examine striped muscle also. 

The time relations of electric stimuli have not been so well investigated for 
muscle as for nerve. It is, however, established beyond doubt that the normal 
muscle chronaxie—originally, on account of insufficient experiments, assumed by 
Lapicque to be of the same order as that of the corresponding motor nerve (neuro- 
muscular isochronism)—is, in reality, several times greater than that of the 
supplying motor nerve (Lucas, 1906-7 a, b, c; Rushton, 1930, 1931, 1932 a, b, e, 
1933 ; also: Watts, 1924-25; Moore and Bruecke, 1931; Grundfest, 1932; Lippay, 
1938). Further, the quantity duration curve of the muscle for durations above 
the chronaxie is very likely not a straight line. 

Currents of durations less than one-fourth of the chronaxie have hardly ever 
been examined for striped muscle. The experiments described in this paper were 
carried out in order to obtain some information about the action of such very 
short electric currents upon the muscle. Such information cannot be gained by 
an investigation of the so-called a-excitability of the intact nerve-muscle complex, 
because the threshold effects for shorter durations always refer in this case to the 
y or nerve excitability, thus masking the a or muscle excitability. 


METHODS. 


There are three ways in which the muscle excitability can be investigated without interference 
from the motor nerve supply: (a) restriction of stimulation to such areas of the muscle as are 
completely devoid of nerve elements; (b) blocking of the motor endplates with curare; 
(¢) denervation. 

The first method can obviously be applied only to muscles with suitable anatomical nerve 
distribution, e.g. the sartorius of the frog with its nerve-free pelvic end; the majority of muscles 





1 The question whether, for durations above the chronaxie, the straight line or the S-shaped 
line is the true quantity curve for the nerve (particularly the motor nerve) is still undecided. 
Experimental evidence seems to be in favour of the straight line. It is possible that both curves 
are true for one and the same preparation at different times, depending on the conditions, 
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will not be suitable for this method. A stimulating current passing through the muscle longitu- 
dinally from tendon to tendon, by bringing the physiological cathode to one end of the muscle 
fibres, will also affect in many cases only the muscle fibres, although there may be, apart from 
the muscle fibre ends, no nerve-free zone; but with increasing intensities, as required for shorter 
electric currents, nerve fibres in the vicinity become stimulated and the a-curve could not be 
investigated further. 

The application of curare is not convenient for muscles in situ, owing to the early elimina- 
tion of the active substances from the circulation. Another disadvantage of this method is that 
too strong a dose of curare may also affect the muscle excitability itself. Thus denervation 
seems to be the safest and most reliable method, provided experiments on denervated muscles 
are carried out after the nerve has become unexcitable and before the muscle has undergone 
atrophic and degenerative changes to any extent. 

The experiments were made on the tibialis anticus muscle of the rabbit; this muscle, owing 
to its superficial position, is easily accessible and its nerve supply (peroneus), too, can readily 
be eliminated. To do this, the peroneal nerve on one side was divided or a short piece of it 
resected under ether anaesthesia. 

Mammalian nerves lose their excitability peripherally to the point of severance in variable 
times, ranging from about four to eight days (Kramer, 1929; Cook and Gerard, 1931; Hines and 
Knowlton, 1933; Titeca, 1933; Tower, 1939); frog nerves become completely inexcitable on the 
sixteenth day after nerve section (Parker,1933). With the loss of motor nerve supply, changes 
in the muscle itself, microscopical and functional, begin to develop. Some observations seem 
to suggest that the motor nerve endings are the first structures to be affected (Huber, 1900; 
Boecke, 1930; Titeca, 1933; Schaefer, 1942). According to Titeca, the endplates of the sciatic 
nerve (cats) cease to function in about two days following nerve section, whilst the nerve below 
the point of section shows excitability and conductivity for five days. This result considerably 
differs from the observation by others that indirect excitability may persist for several days 
after nerve section. 

The functional changes include also what has been termed by the older electro-medicine 
the ‘‘ reaction of degeneration.’’ (Erb, 1868). The essential feature of this abnormal behaviour, 
when fully developed, is that the muscle, if examined according to the old methods, fails to 
respond to faradie currents but exhibits, on the other hand, increased excitability to galvanic 
currents, i.e. a reduced intensity threshold. Mechanically the muscle twitch becomes sluggish. 
Judged mainly from observations on human beings, the reaction of degeneration can be assumed 
to be fully established in about two weeks after nerve section (Kramer, 1929; Wilson, 1940; 
Walshe, 1942), but no comparative work on different muscles of various mammals is available. 
This abnormal excits ibility, onee established, remains essentially the same for many months, 
whilst the musele fibres undergo progressive atrophic changes. 

Modern physiology characterizes excitability in terms of chronaxie. In this respect the 
finding on denervated muscles are the following: the chronaxie increases after two or more days 
following nerve section, this increase being probably preceded by a temporary decrease; for some 
time chronaxie does not exceed values of 5 to 100 (Adrian, 1917; Leulier and associates, 1932; 
Fischer, 1939; Chauchard, 1939; Tower, 1939). There is reason to believe that a chronaxie 
not exceeding these values (mammalian muscles) is the a-chronaxie or the chronaxie of the intact 
muscle (Schaefer, 1942). 

It must be realized that denervated muscles exhibit various abnormal features very soon 
after nerve section. Consequently, experiments on denervated muscles, at whatever time after 
nerve section they are made, refer to muscles in a more or less unphysiological state. The 
experiments described in this paper were carried out four to five weeks after nerve section. At 
this time the following conditions are present in denervated muscles: (i) indirect excitability 
abolished; (2) complete reaction of degeneration; (3) chronaxie of the order of the a-chronaxie; 
(4) atrophic muscle changes in an earlier stage2; (5) fibrillation’. There is reason to assume 
that results obtained under these conditions would, in respect of the problem under investigation, 
apply also to the normal muscle tissue. This question will be further discussed later. 








2 The « extent of atrophy that takes place in the tibialis anticus muscle of the rabbit within 
four or five weeks after nerve section is not known. Most observations on this matter refer to 
the gastrocnemius. In this muscle (rabbits, cats) loss of weight may become noticeable on the 
third day after denervation and may, after four to five weeks, amount to 40-50 p.c. of the normal 
weight (Langley and Kato, 1914—-15; Hines and Knowlton, 1933). In the gastrocnemius of rats 
the loss of the dry weight after the same time may be as much as 60 p.c. (Fischer, 1939). The 
differences in the rate of atrophie changes in different muscles and species has to be borne in 
mind (Sherrington, 1900; Tower, 1939). No conspicuous changes in the appearance of the 
tibialis anticus muscle were noticed, but weight losses were not determined. 


3Fibrillation in denervated gastrocnemius muscles of cats and rabbits begins five days 
after nerve section (Langley and Kato, 1914-15; Denny, Brown and Pennybacker, 1938), while 
in the same muscle of rats it begins already on the third day after denervation (Hines and 
Knowlton, 1933). 
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For the actual experiments the animals were anaesthetized with Pernocton, a barbituric acid 
compound (dose, 1-0-1-2 ¢.c. per kg., administered in several intramuscular injections). This 
preparation, produced by J. D. Riedel—E. de Haen, has been widely used in continental countries 
for anaesthesia in experimental technique and also in surgery. For cats and rabbits it need not 
be combined with morphine (Rein and Schneider, 1934). The dose used was stronger than that 
recommended by these authors. 

Usually, satisfactory anaesthesia was obtained in 30 to 40 minutes. In some animals there 
was some degree of muscular unrest; such animals were not used for experiments as an increase 
in the dose was impracticable. In some experiments artificial respiration was applied throughout 
in order to exclude any anoxia which might possibly develop owing to a depressing action of 
the doses mentioned on the respiratory centre. The results were not different from those obtained 
without artificial respiration. 
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Fig. 1. Quantity capacity curves of six experiments. Ch = chronaxie capacity. Compare 
Table 1. 


The animals were fastened to an operating table in the supine position and kept warm with 
an electric bulb. Through a small skin incision the tendon of the tibialis anticus muscle was 
isolated, cut and connected with a lever giving suitable magnification; for threshold determina- 
tions the movements of the tip of the lever were observed. Some difficulties were experienced in 
these observations owing to the slowness of the contractions; the uncertainty of some threshold 
determinations is probably responsible for some irregularities in the results. 

Two silver wires inserted into the muscle through holes in the skin about 15 mm. apart served 
as electrodes. Stimulation was carried out with condenser discharges using the ordinary arrange- 
ment (Lapicque, 1926; Laugier, 1929). A mica condenser set (10 X 0-1, 10 X 0-01 and 
10 X 0-001 micro-farad) and a precision voltmeter of variable range were available. In the 
discharge circuit Bourguignon’s resistance arrangement (total resistance about 11,000 ohms 
independently of the resistance of the preparation) was used. It is hardly necessary to point 
out that in this form of stimulation capacities stand for durations, every capacity corresponding 
to the threshold duration of a galvanic current of the voltage to which this condenser is charged. 

Preliminary chronaxie estimations were made at intervals of 20 minutes; no experiment 
was started before the chronaxic had become reasonably constant. The voltage-capacity curve 
was then determined, beginning with the higher capacities and descending to the lowest capacity 
for which an effect could be obtained with the available voltage; usually we were unable to get 
effects with the lowest capacity available (0-001 micro-farad). At the end of the series the 
chronaxie was again determined. 








Capacities. 
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RESULTS. 


Thirty-two experiments were carried out but only in about twenty of them was it possible 
to obtain successful stimulation with the lower condensers. In respect of these condensers, 
representing the short durations, the results were uniform. 

To illustrate the typical findings six examples of quantity-capacity curves of denervated 
muscles are presented. Fig. 1, drawn on a smaller scale, gives a survey of the curves over the 
whole range of capacities examined; Fig. 2 brings in detail the liminal quantities for the very 
short durations. Table 1 shows the experimental figures from which these curves are derived. 


TABLE 1. 


Threshold voltages (V ) and threshold quantities (Q) for the capacities used. 
chronaxies at the beginning (1) and at the end of the experiment. 
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The results of the experiments can now be stated as follows: (1) the threshold quantities 
for very small capacities (short durations) always decrease more and more rapidly as the 
capacities decrease; (2) the quantity-capacity curves on the whole are not uniform; S-shaped 
curves and curves with a concavity towards the abscissa throughout the whole length predominate. 

The time values (durations) actually corresponding to the capacities used can be caleulated 
from Lapicque’s formula for indirect chronaxie estimationt. These values are presented in 
Table 2. The lowest duration reached in the experiments (corresponding to 0-002 mf.) is nearly 
as low as that reached in nerve stimulation in the preceding work (Lippay, 1944). In most 
experiments there is, within the range examined, no sign of a lower limit for the threshold 
quantities; but in some experiments such a limit might actually have been reached. This seems 
to be the case for experiments 20 and 21 in Fig. 2. This question, however, requires further 
investigation. 





4 The calculation from the formula, t = CR X 0-37 (t= time in seconds, C = capacity 
in farad, R= resistance in ohms) is, however, to some extent doubtful because Lapicque’s 
empirical formula refers directly to the chronaxie capacities. Further, the factor 0-37, found 
by Lapicque to be approximately correct for the nerve, may not apply to the muscle, particularly 
after denervation. The figures of Table 2 have, of course, only approximate value. 





_ 
ve boo 
o'r 
o uo 


Sere (| Si Pi SI Pitti 
~ 
i) 


wwww ew 
SOANQN nr 


i aa ee 
oclUlCcOoOUlC OlhlCUC 





STIMULATING EFFECT OF ELECTRIC CURRENTS 


TABLE 2. 


Durations of Durations of 
Capacities equivalent galv. Capacities equivalent galv. 
micro-farads. currents. ¢ micro-farads. currents. ¢ 
-070 0-04 0-162 
-256 0-02 0-081 
-442 0-01 0-041 
*628 0-008 0-032 
814 0-006 0-024 
407 0-004 0-016 
°325 0-002 0-008 
244 0-001 0-004 
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As to the characteristic shape of the quantity curve for the denervated mammalian muscle, 
no satisfactory statement can be made as various types of curves were obtained, although 
S-shaped curves more frequently than others. Irregularities in the results are partly due to 
the difficulty in determining threshold effects on slowly contracting muscles. The possibility 
that each type of curve obtained may be genuine (depending on the conditions of the prepara- 
tion) cannot be ruled out. Although it may be said that the strength-duration curve is essentially 
similar to that of the nerve (Blair, 1938), the accurate law of stimulation for the muscle, as 
expressed best in the quantity curve, whether of one or several forms, has still to be determined. 
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Fig. 2. The curves of Fig. 1 enlarged for capacities under 1 micro-farad. 


COMMENT. 


The main result of the above experiments—that the rate of decrease of the 
electric threshold quantities for the muscle becomes progressively rapid with 
decreasing capacities—is similar to the result obtained previously for the motor 
nerve, except that some of the experiments seem to indicate a lower limit of the 
quantities (quantity threshold). The existence of such a minimum in the case of 
the nerve was, on theoretical grounds, considered as most likely by Cremer (1939), 
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but no quantity threshold has yet been found experimentally. It is, therefore, of 
interest that in the experiments on muscles evidence of such a quantity threshold 
has been obtained. This will be further investigated. 

The next point in question is whether the results obtained on denervated 
muscles apply also to normal muscles. As denervated muscles pass into an 
abnormal state any experiments on such objects deal with a tissue in unphysiological 
conditions. 

The particular problem here investigated is the response of the muscle to 
short electric currents. This is a problem of excitability, or more accurately of the 
time relations in excitability. The validity of experimental results concerning 
this subject must be assessed by means of a suitable criterion. The significant 
criterion of excitability in this respect is the chronaxie. Taking the latter as a 
guide, the question under discussion can be put in this form : whether the chronaxie 
of the denervated muscles was normal or not ; if it was, then the muscle excitability 
with respect to the time factor can, irrespective of any changes which follow 
denervation, be regarded as normal. 

It was stated that the chronaxie of denervated muscle increases and reaches, 
after months, abnormally high values. What is commonly called the normal, 
muscle or motor chronaxie is, however, not a muscle chronaxie at all. It is a 
chronaxie found with the old method of unipolar stimulation at the so-called 
muscle (motor) points®. This chronaxie is, in reality, a nerve chronaxie—the 
chronaxie of branches of the motor nerve—and is accordingly of the same order 
as the nerve chronaxie, namely 0-05-1-00 (Adrian, 1917; Bourguignon, 1926, 
1932; Uffland, 1931; Walthard and Jecklin, 1932; Quincke and Stein, 1932; 
Achelis, 1933). The true muscle chronaxie is the a-chronaxie (Lucas) which ean be 
determined by suitable methods. This a-chronaxie is considerably greater than 
the nerve (or y) chronaxie (Lucas, 1906, 1907 ; Rushton, 1930, 1931, 1932, 1933). 

In human beings the nerve chronaxie is around 0-5e, the a-chronaxie between 
5 to 8a (Adrian, 1917). For the gastrocnemius of the frog the corresponding 
values are approximately the same. This means that the normal muscle chronaxie 
(a-chronaxie) is 10 to 30 times greater than the nerve chronaxie. 

We have not determined the y-chronaxie on intact muscles. Using the above 
ratio between nerve and muscle chronaxie the latter can be estimated quite 
satisfactorily. For this purpose the chronaxie of the peroneal nerve was determined 
on ten animals and was found, as expected, between 0-2 and 0-60. Accordingly, 
the true muscle chronaxie of the tibialis anticus muscle can be assumed to be, as 
in the above cases, between 2 and 10. 

The chronaxie values that were actually found in our experiments were 
between 3 and 8e (Table 1). This means that the chronaxie of denervated muscles 
is still within the normal range four to five weeks after nerve section. This result 
is in accord with the observation (Leulier ec? a/, 1932) that the chronaxie of 
denervated rabbit muscles reaches values of 5-60 20 days after denervation, 
and remains at this level for more than 30 days. Adrian (1916, 1917) also found 
the chronaxie of denervated muscles (human beings) stationary around 100 for 
several months after denervation, which value is not far above the presumably 
norma! a-chronaxie. Similar observations on human beings were made by Mann 
and Bloch (1925). 

It can be concluded that the results of our experiments, dealing, as they do, 
entirely with the time relations in excitability, apply to normal muscle also. We 
therefore believe that the progressively ‘more rapid decrease of the threshold 
je It is even less desirable to speak of motor chronaxie when actually the chronaxie of motor 
nerves is determined (e.g. Barron, 1933). 
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quantities with decreasing duration and the signs of a real quantity threshold 
are properties of normal muscle tissue. We also regard the quantity curves for 
longer durations—whether of one type or, as seems possible, of several types—as 
features of the intact muscle. 

The reaction of degeneration, which seems to indicate an abnormal form of 
excitability of the muscle, should not give rise to misinterpretation. It is essentially 
a clinical finding obtained with the old method of unipolar stimulation through 
the skin and is mainly due to the loss of the y (nerve) excitability. The muscle 
actually remains excitable to faradie stimulation for a long time provided it is 
stimulated directly. 

Thus, denervated muscles about one month after nerve section, whilst exhibit- 
ing various abnormal properties such as wasting, sluggish contraction, reduced 
strength, fibrillation, reaction of degeneration, ete., may, since they retain still at 
that time a chronaxie of normal range, be used to study certain aspects of 
excitability occurring in normal muscles. 


SUMMARY. 


The action of very short electric currents on denervated mammalian muscles 
has been investigated. 

The electric quantities required for threshold stimulation decrease at a rate 
which becomes progressively more rapid as the durations decrease. Consequently, 
the corresponding part of the quantity capacity curve shows a pronounced 
concavity towards the time axis. This behaviour is thus peculiar to both nerve and 
muscle, and may be of significance for all excitable structures. 

Some evidence of the existence of a minimum quantity (quantity threshold) 
has been obtained. 
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In two papers published recently the author has presented some observations 
on the quantitative relationships of vitamin A in the nutrition of the Merino sheep. 
He studied the effect of intake of carotene on the general health and on the concen- 
trations of carotene and of vitamin A in the blood and liver of sheep, maintained 
in pens on a ration which was low in carotene (Peirce, 1945), and also the changes 
in the concentrations of carotene and of vitamin A in the blood of sheep grazing 
on natural pastures (Peirce, 1946). 

The present paper reports the findings in a study of the concentrations of 
carotene and of vitamin A in the blood and in the liver of lambs from birth to the 
age of four months. It also includes some observations on these concentrations 
in the colostrum and in the milk of ewes. 


THE EXPERIMENT. 


The animals employed in this investigation were ewes and lambs from the Division’s breed- 
ing flock which was grazed throughout the year on natural pasture at the Waite Agricultural 
Research Institute and which received, during the late summer and the autumn, a supplementary 
ration of barley containing less than ly carotene per gm. The seasonal conditions of the 
locality were discussed in the previous paper (Peirce, 1946). 

The concentrations of carotene and of vitamin A in the blood of lambs at birth were 
determined. Samples were collected from nine new-born lambs which had been delivered less 
than three hours previously and which had not suckled. Where the actual birth was not 
observed, the separation of a clear plasma was taken as evidence that no colostrum had heen 
consumed. Several samples which did not yield clear plasma were discarded. However, in one 
sample of clear plasma drawn from a supposedly new-born lamb, the concentration of vitamin A 
was so high as to render it probable that the lamb had already suckled; this figure was also 
omitted from the results. 

Observations were made on the changes in the vitamin A concentrations in the blood of 
lambs on the day of birth. At intervals of two to three hours, commencing about 9 a.m., four 
sumples were taken from each of six lambs, the first sample being collected soon after suckling. 
A single sample was also taken from three other lambs several hours after birth. 

On the first and second days after birth, the concentrations of vitamin A in the blood of a 
number of lambs, including the six mentioned above, were determined. Further samples of blood 
for these estimations were collected from lambs of various ages up to four months; the number 
of cases studied in each age-group varied from three to seven. 

Three of the new-born lambs were slaughtered immediately after the samples of blood had 
been collected, and their livers were assayed for carotene and vitamin A. Similar estimations 
were made on the livers of one other lamb approximately four hours after delivery, on one 
still-born, but apparently normal, lamb, and on a number of lambs of various ages up to four 
months. Samples of blood for the estimation of carotene and of vitamin A were collected from 
these lambs just prior to death. 

Samples of colostrum were collected from seven ewes before their lambs had suckled. 
From four of these ewes, samples were obtained from each half of the udder; these were 
estimated separately and the mean value taken. Colostrum is difficult to express from the udder 
of the ewe and so in three cases it was necessary to combine the samples from the two sides of 
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the udder of the ewe in order to obtain sufficient for analysis. Samples were collected from 
six of these sheep at intervals during the two weeks following parturition; the initial sample 
only was collected from the remaining ewe. Wherever possible, samples were taken from each 
half of the udder and the mean value of the assays was recorded. In some cases, however, a 
mixed sample from the two halves or a sample from but a single half was analysed. 

The samples of colostrum were collected from the ewes in the winter of 1944, but the 
samples of blood and liver were obtained from lambs in the winter and spring of 1943 and 
of 1944; no account is taken of seasonal differences which may have occurred. 

The methods used for the determination of carotene and of vitamin A in the blood and 
liver were those employed in the previous paper (Peirce, 1945). For the estimation of carotene 
and of vitamin A in milk and colostrum the method of Olson, Hegsted and Peterson (1939) was 
used. However, chloroform rather than methyl aleohol was employed as the final solvent and 
the transmittances of the solutions were determined at 450 mz and 620 my for carotene and 
vitamin A, respectively, in a Coleman Regional Spectrophotometer. 


RESULTS. 
Concentrations of Vitamin A and of Carotene in the Blood of Lambs. 
The concentrations of vitamin A in the blood of lambs of various ages are set out in Table 1. 


TABLE 1. 
Concentration of vitamin A in the blood of lambs of various ages. 


(All values are those obtained on a single sample of blood, except in the case of six of the 
lambs aged 4 to 12 hours; for these lambs, the mean of the estimations on four samples of 
blood collected during the day was used.) 


Number of Vitamin A per 100 ml. plasma. 
Age. lambs. Range. Mean. 
Less than 3 hrs. 
(pre-suckling ) 
4 to 12 hrs. 
(post suckling) 
lda 


3-6—-14 “9 


34-68 
28-62 
20-59 
27-36 
19-32 
17-36 
17-29 
26-40 
27-38 
27-37 


y 
2 days 
3 days 
5-10 days 
16-18 days 
27-32 days 
56-64 
84-90 days 
119-126 days 
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It is evident from the above figures that the concentration of vitamin A in the blood of the 
new-born lamb was very low, about one-quarter to one-third that of an adult sheep. It increased 
rapidly following the ingestion of colostrum. On the first day of life the mean of twenty-seven 
determinations, 48y vitamin A per 100 ml., obtained from the plasma of nine lambs which had 
suckled, was almost fifty per cent. above the adult value. Individual concentrations about double 
those usually found in the adult were observed in some cases. The concentration on the day 
after birth was still high but thereafter it receded rapidly to the normal adult level. 

There were only traces of carotene in the blood of the lambs for the first two weeks of their 
lives, The concentration was found to be less than 2y per 100 ml. plasma, an amount which is 
close to the sensitivity of the analytical method. Thereafter, when the lambs had begun to graze 
and their intake of carotene had increased, the concentration of this component in their blood 
rose slightly. It reached a value of 5y after one month and 14y after two months. It then 
declined somewhat, the concentrations after three and four months being 10y and 8y carotene 
per 100 ml. plasma, respectively. 


Concentrations of Vitamin A and of Carotene in the Livers of Lambs. 


The concentrations of vitamin A per unit of liver tissue and the amounts in the whole organ 
of Jambs at various ages are set out in Table 2 and the mean values are plotted in Fig. 1. 

The amount of vitamin A in the liver of the new-born lamb was found to be very low, 1ly 
per gm. or 870y in the entire liver. As the lamb grew older and ingested more carotene from 
the pasture the stores in the liver increased, In the oldest lambs examined, the concentration was 
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twenty times that in the new-born lamb, while the total amount of vitamin A found in the livers 
of the lambs killed at four months of age was 125 times that of the new-born lambs. 

There was but little increase with age in the small amount of carotene in the liver. The 
concentration, which at birth was 0-7y per gm., rose steadily to 2-77 at the end of one month 
while at the end of two, three and four months it was 1-6, 1-6 and 2-6y carotene per gm. liver, 
respectively. Carotene represented only about 2 p.c. of the total vitamin A potency of the liver 
at birth, and from 0-5 to 1 p.c. thereafter. The amount was always small and so it was omitted 
when calculating the concentrations of vitamin A in the liver which are set out in Table 2. 


TABLE 2. 


Concentration of vitamin A in the livers of lambs of increasing age. 


Weight of Vitamin A 
Age liver 7 per gm. liver Vitamin A 
Lamb. Sex. days. gm. (wet wt.). ¥ per liver. 
W342 1 hour 122 14- 1,760 
U383 } 1 hour 31 17- 530 


W343 [ 3 hours 102 5°% 540 
wo hours 95 13: 1,260 
W425 hours 46 5- 270 

Mean 79 11- 870 


X74 85 39°6 3,370 
W502 } 69 19- 1,370 
Mean 77 29- 2,370 


X72 122 45- 5,500 
W337 } 166 40°: 6,700 
Mean 144 42- 6,100 


W334 232 52-2 12,100 
U380 h S 135 32- 4,300 
X71 } 158 61-¢ 9,800 

Mean 7 175 48- 8,700 


X73 , 2 157 108 17,000 
W317 27 228 70: 16,100 
W321 ¢ 64-6 12,700 
X70 d i 86° 15,900 
W327 63- 15,800 
U378 ] 129 19,800 
U379 d 19,700 


Mean 90- 16,700 


X68 56 49,000 
U374 2 171 37,000 
W313 128 30,000 
W325 ‘ 29,000 
W304 35,000 


Mean de 36,000 


W316 [ 50,000 
X69 48,000 
W3ll 49,000 
W307 48,000 
W3l2 d 107,000 


Mean 5: 60,000 
W451 84,000 
U482 84,000 


W430 151,000 
W450 J 118,000 


Mean 5 109,000 
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Concentrations of Vitamin A and of Carotene in the Colostrum and Milk of the Ewe. 


The concentrations of vitamin A in the colostrum and in the milk of ewes during the first 


two weeks after parturition are shown in Table 3. 


TABLE 3. 


Concentration of vitamin A in the colostrum and milk of ewes. 
(y vitamin A per 100 gm. colostrum or milk). 


Sheep Initial 1 day. 2 days. 1 week. 2 weeks. 
W45 420 140 — 130 110 
W208 1,050 370 150 70 140 
W213 1,140 730 280 140 10 
W243 570 180 110 60 90 
W276 550 — — — — 
U814 1,300 480 290 120 100 
U831 550 150 — — 130 
Mean 800 340 210 100 110 


In the initial samples of colostrum which were taken within a few hours after parturition 


and before the lamb had suckled, the concentration of vitamin A was high and variable. On the 
following day the concentration of vitamin A in the colostrum had fallen to 40 p.c. of its initial 
value and by the end of one week to a constant concentration of approximately 1007 .itamin A 


100 gm., that is, about one-eighth of the initial concentration. 
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Fig. 1. Changes in the mean values of vitamin A in the livers of lambs with increase in age, 


expressed both as concentration per unit of liver tissue and as total amount in the whole organ. 


There was no appreciable change in the mean of the concentrations of carotene over the 


period of two weeks, the initial value being 10y per 100 gm. colostrum and the values at 1, 2, 7 


14 days being 8, 9, 7 and 8y per 100 gm., respectively. The concentration of carotene was 


so small that it was neglected; at no time was it more than 3 p.c. of the total vitamin A potency. 
The values in Table 3 thus refer only to preformed vitamin A. 
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The colour and consistency of the initial samples of colostrum varied, the former from 
cream to deep yellow and the latter from slightly viscous to very viscous such that they could be 
poured only with difficulty. The two samples which contained the highest concentrations of 
vitamin A, those from sheep 213 and 814, were the deepest in colour and were the most viscous; 
these characteristics were even more marked in the sample from 814 than in that from 213. The 
colour and viscosity of the colostrum decreased rapidly subsequent to the delivery of the lamb, 
and by the day after parturition the secretion from one ewe was fluid and of the normal white 
colour of sheep’s milk. By the second day all samples resembled normal milk except that from 
sheep 213 which was pale-cream in colour and slightly viscous. After a week when the next 
sample was taken from this sheep, it was indistinguishable in appearance from normal milk. 
Although the yellow colour became very perceptibly less as lactation progressed there was little 
change in the concentration of carotene. It can, therefore, be reasonably assumed that the 
yellow colour of the colostrum of the sheep was not due to carotene. The two samples of 
colostrum which were deepest in colour contained 147 and 16y carotene per 100 gm. while the 
mean of the seven samples was only 107. Nevertheless, in the samples from only one of these 
two sheep did the concentration fall appreciably. In the samples from the other sheep the 


econcentration of carotene remained constant during the two weeks over which the observations 
were made. 


DISCUSSION. 


The concentrations of vitamin A in the blood of normal new-born lambs were 
found to be low, although their mothers had previously been subjected to condi- 
tions which had been shown to lead to adequate reserves in the liver and normal 
concentrations in the blood of mature sheep. The values found for new-born lambs, 
8y vitamin A and traces of carotene, were of the same order as those found by 
Phillips, Lundquist and Boyer (1941), by Lundquist and Phillips (1943), by Moore 
and Berry (1944) and by Wise, Caldwell, Atkeson and Hughes (1946) in the blood 
of new-born calves; these authors reported 5y or less of both vitamin A and 
carotene per 100 ml. plasma. An increase of vitamin A concentration in the blood 
occurred after suckling. Whereas in the case of the calves just mentioned maximum 
values were reached in two or three days, the increase with lambs was more rapid 
and of greater magnitude. Maximum values were attained on the day of birth 
and these values, 607 to 70y vitamin A per 100 ml. plasma, were as much as double 
the concentrations found in the blood of normal adult sheep. Even the mean of 
all the determinations, subsequent to suckling, on the day of birth was 50 p.c. 
above the adult value. Thereafter, the concentration fell, and by the second 
or third day it had returned to a value within the range which our experiments 
suggest is ‘‘normal’’ for sheep, i.e. 25y to 35y per 100 ml. (Peirce, 1946). It would 
appear that the new-born lamb is unable to deal with the comparatively large 
quantity of vitamin A which it receives from the colostrum during the first few 
hours of its life. In consequence, the concentration in its blood rises to a high 
level which we have never observed in the blood of adult sheep. Within a few 
days, however, the metabolism of vitamin A becomes normal and the concentrations 
in the blood recede to the levels characteristic of the sheep under normal feeding 
conditions. Subsequently, that portion of the absorbed vitamin A which is in 
excess of the animal’s needs is stored, principally in the liver. 

The new-born lamb’s reserves of vitamin A are low. The values found in 
this experiment varied between 5y and 17y per gm. liver. The mean, 1ly per gm. 
or 870y for the whole liver, is of the same order as that found by other workers 
to be present in the livers of new-born animals of various species. Barron (1942) 
found values of 0 to 40 I.U. vitamin A per gm. in livers of foetal lambs and of full 
term lambs that were born dead, Braun and Carle (1943) found values of 0 to 
24 1.U. per gm. in livers of foetal calves, Wise, Caldwell, Atkeson and Hughes 
(1946) found values of 0 to 8y per gm. in livers of new-born calves and Benham 
(1943) found values of 5 I.U. to 47 I.U. per gm. in livers of new-born pigs and of 
those still-born at term. These values may be compared if it be assumed that 
1y vitamin A is equivalent to approximately 3 I.U. 
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The concentration of vitamin A in the liver of lambs increases rapidly with 
age, however. The colostrum which is ingested within a few hours of birth provides 
the young lamb with a rich supply of preformed vitamin A. Subsequently, the 
milk continues the supply at a lower concentration and this is supplemented from 
about two weeks of age by the increasing amounts of carotene ingested in the green 
forage. Over the four months during which the determinations were made, the 
concentration of vitamin A in the livers of the lambs investigated in this experiment 
increased steadily ; at the age of four months it was about twenty times that found 
in the lambs of the same flock at birth. With the simultaneous increase in the 
weight of the liver, the total amount of vitamin A in the organ at four months 
was about 125 times that found in the newly-born lambs. The mean value at 
two weeks, 49y per gm., was comparable with the value of approximately 200 I.U. 
per gm. (circa 60y per gm.) which was observed by Barron (1942) in normal 
lambs of that age. The values recorded by Foot, Henry, Kon and Mackintosh 
(1939) for growing pigs which had been supplied with liberal quantities of 
vitamin A, indicated that from birth to the age of 30 to 35 weeks, there was a ten- 
fold increase in the concentration of vitamin A per unit weight of liver, or an 
increase of over 400 times in the total amount of vitamin A in the whole organ. 

Estimations were not continued after the lambs were four months old. Under 
the conditions prevailing in the experiment the pastures by this time had begun 
to dry off, and the intake of carotene had consequently decreased materially. 
Hence it is unlikely that the reserves of vitamin A in the livers of the lambs would 
have been found to increase further until green pasture had again become avail- 
able in the following year. The analyses of the livers of mature grazing sheep 
(Peirce, 1946) indicated that the reserves of vitamin A in the livers continued 
to increase beyond the maximum value found in these lambs. The concentrations 
of vitamin A in the livers of the sheep were, in general, more than double those 
found in the lambs aged four months, and the entire livers of the former contained 
about four times as much vitamin A as those of the latter. 

The high concentration of vitamin A found in the colostrum of the ewe and 
its rapid decline to that of normal milk is in conformity with the findings of other 
workers who have described the phenomenon in sheep, cows and pigs. The values 
which may be calculated from the results reported by Clegg and Satterfield (1939) 
for sheep were 140 I.U. to 1,620 I.U. vitamin A per 100 ml. colostrum. The values 
reported by Underwood and Curnow (1944) for Border Leicester x Merino 
ewes in one year were 990 I.U. to 1,610 I.U. with a mean of 1,290 I.U., although in 
a subsequent year, following a longer period on dry grazing, these authors found 
only 260 I.U. to 720 I.U., with a mean 400 I.U. per 100 ml. in the colostrum of 
similar cross bred ewes, and 26 I.U. to 440 I.U., with a mean 270 I.U. in that of 
Merino ewes. The values calculated from those given by Barron (1942) for 
Dorset Horn x Border Leicester ewes were 360 I.U. per 100 ml. The concentra- 
tions found in the colostrum of our sheep were approximately double those 
reported by Clegg and Satterfield and those reported by Underwood and Curnow 
in a favourable year. They were over six times the concentrations found both 
by the latter authors following a period of poorer nutritive conditions, and by 
Barron. They were, however, comparable with some of the values which Kramer, 
Bair, Kunerth and Riddell (1938), Henry, Houston and Kon (1940), Stewart 
and McCallum (1942) and Thomas, Spielman and Turk (1946) have reported to 
occur in the colostrum of cows. Some discrepancy between the concentrations 
found by various authors is to be expected. Not only are there difficulties 
associated with the analyses, but there is also considerable confusion in the 
literature due to the loosely defined ‘‘units’’ which have been employed. There 
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is undoubtedly a wide variation, however, in the concentrations of vitamin A in 
the colostrum of animals even of the same species. All authors agree, however, 
that within a few days the concentration falls to the level found in milk, although 
the ratio of the amount in milk to that in colostrum has also been found to vary 
over wide limits. In our experience the concentration of vitamin A was found 
to fall by the end of one week to a constant level which was approximately 
one-eighth that of colostrum. 


SUMMARY. 


The concentration of vitamin A in the blood of new-born lambs was found 
to be low; it lay between 3y and 14y per 100 ml. plasma with a mean of 8y. It 
inereased rapidly following the ingestion of colostrum and maximum values of 
60y to 70y were reached on the day of birth ; the mean on this day was 48y per 100 ml. 
plasma. The concentration then fell rapidly and by the second day after birth 
was within the normal range for adult sheep, 25y to 35y vitamin A per 100 ml. 
plasma. There were traces only of carotene in the blood at birth, the concentration 
being less than 2y per 100 ml. plasma. An increase followed the ingestion of green 
pasture but the values attained between the ages of one and three months were 
only 8y to 14y per 100 ml. plasma. 

The concentration of vitamin A in the liver of the new-born lamb was also 
found to be low; the mean value was 1ly per gm. liver or 870y in the entire liver. 
A progressive increase occurred up to the age of four months when the correspond- 
ing values were 230y and 109,000y. Only small amounts of carotene were present ; 
the concentration at birth was 0-7y per gm. liver and from the age of one month 
it varied between 1-5 and 3y per gm. 

The colostrum of the ewe was found to be a rich source of vitamin A. It con- 
tained approximately 800) per 100 gm. The amount fell rapidly and reached 


a constant level of about 100y per 100 gm. by the end of the first week after 
parturition. Only 8y to 10y carotene per 100 gm. were found to be present in 
colostrum and in milk. 
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The ability of freshly harvested cereal grains to germinate immediately has 
been found to vary considerably. In many seeds delayed germination may be due 
to a physical impediment, such as the hard seed coat found in legumes. In the 
absence of such an impediment in cereals, dormancy appears to be a function of 
the embryo or the tissues immediately surrounding it, as shown by Johnson (1935). 
A dormant embryo is one which fails to grow even when the grain containing it 
absorbs water readily. Such a grain requires a period of ‘‘after-ripening’’ before 
it will germinate immediately when set out under ordinary germinable conditions. 
In non-dormant varieties this ‘‘after-ripening’’ period corresponds with the 
apparent ripening of the grain, so that freshly harvested seed will germinate 
immediately. 

Harrington and Knowles (1940) obtained a wide range of delayed germination 
with barley, from almost non-dormant varieties such as Rex and Hannchen to 
highly dormant Trebi, which showed 100 p.c. germination only after three months’ 
storage. 

In an accelerated cereal breeding programme at the Waite Agricultural 
Research Institute, difficulty has been experienced in germinating freshly 
harvested barley grains. By the use of artificial light to increase the winter day 
length, three generations may be grown in one year, the seed from each generation 
being sown soon after harvest. It was found that some hybrid seed was slow to 
germinate or failed altogether when no ‘‘after-ripening’’ period was allowed, thus 
interrupting the breeding programme. 

A series of germination experiments was conducted to determine : 


(1) With freshly harvested mature seed (a) the varietal differences in dor- 
mancy, (b) the length of the after-ripening period necessary to overcome 
this dormancy. 


(2) With freshly harvested immature seed, the effect of the stage of 
maturity of the seed at harvest on (a) and (b) as above. 


EXPERIMENTAL. 


Starting in October, 1945, the following ten barley varieties were tested: Algerian, Cape, 
Excelsior, Gopal, Hannechen, Kwan, Odessa, Prior, Research and Trebi; of these Excelsior and 
Gopal are hull-less varieties. The heads were harvested at three stages of maturity—soft dough, 
hard dough, and the standard of maturity recommended by Harrington and Knowles (1940), i.e., 
when the lower kernels of each ear could be indented with the thumbnail with difficulty. 

The heads were kept in paper bags at room temperature and threshed as required. The daily 
maximum and minimum room temperatures were noted through most of the storage period. The 
mean monthly temperatures are given in Table 1. 


TABLE 1. 
Mean room temperatures during the storage period 1945-1946. 


Nov. Dee. Jan. Feb. Mar. April. May. 
21 26 28 24 23 18 18 
18 22 23 20 18 16 16 
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To examine the behaviour of the seed during the first month of storage, germination tests 
were made immediately after harvest and after 2, 14 and 28 days’ storage. After the first 
month, germination tests were made at monthly intervals until the seed showed normal germina- 


tion. 


Seed from the previous year’s harvest was used as a check at each test and in most cases 
showed 100 p.c. germination after three days. This was considered normal germination when 
measuring the degree of dormancy in a variety, and the expression ‘‘normal germination’’ as 


used hereafter has the above significance. 


All germination tests were made with duplicate lots of fifty seeds, which were threshed by 
hand and immediately set out dry on moist blotting paper in a seed germinator at 21°C. 
Germination counts were made daily in the early stages of each test but later at less frequent 
intervals. A seed was considered to have germinated when the radicle first showed geotropism. 
The results are given in most cases for five-day periods and are mean percentage germinations 


from two closely agreeing duplicates. 


RESULTS. 
(1) Germination of Barley Varieties Harvested when Mature. 
The percentage germinations obtained are shown in Table 2. 


TABLE 2. 


Percentage germination of barley varieties harvested at maturity, 11th December, 1945, and tested after 


various periods of after-ripening. 
Period stored 
before 
testing. 0 days. 2 days. 28 days. 2months. 3months. 4 months. 5 months. 
No. of days in 
seed germin- 


ator 3 10 15 3 10 15 3 9 2 3 15 2 3 15 23 7 = 2 ¥ 
Algerian 0 3 4 05 & 3 39 46 72 89 8&0 95 95 

Cape 02 3 : & > 20 45 22 33 43 41 49 52 35 49 52 50 66 82 
Excelsior 41 79 84 83100 98 98 

Gopal 12226 19 49 52 


Hannchen 0 35 74 6 80 84 
Kwan 14 4 13 83 


2 2 36 43 85 89 91 90 91 92 72 75 77 95 96 96 
Odessa 0 63 66 81 94 95 


own S-1010rFC 9 
Lo) 
— 
© 
~ 


@mrhro~e to) © 


Prior 0 5 6 Sa 7 71 97 84 95 97 
Research 0 66 76 58 86 86 98 98 
Trebi 0 ii 0 2 5 0 0 37 7 43 55 40 64 81 53 68 70 38 82 93 


8 months. 


73 85 97 


43 54 92 


When tested immediately after harvest all varieties showed some degree of delayed germina- 


tion. A distinction could be made between dormant and non-dormant varieties, however. 


The 


varieties Algerian, Cape, Kwan, Prior and Trebi were considered dormant as only low germina- 
tion figures were obtained after the seeds had been held for a period under favourable germinating 
conditions. These varieties showed 6 p.c. germination or less after 15 days’ test. Gopal was 
classed as moderately dormant. The varieties Excelsior, Hannchen, Odessa and Research 
germinated well but at a slower rate than normal. These varieties were considered non-dormant 
but still in the later stages of after-ripening. At subsequent tests these latter five varieties 
showed an increased rate of germination with progressive ripening, germinating normally after 


one month’s storage. No tests were made for the 14 days’ storage period with this material. 


Of the five dormant varieties, Prior ripened the most rapidly, germinating normally after 
two months’ storage. This was followed by Algerian after three months and Kwan after five 
months. Cape and Trebi had not quite completed the after-ripening period even after eight 


months’ storage. 


(2) Germination of Barley Varieties Harvested when Immature. 


(a) Harvested at the soft dough stage. The percentage germinations obtained are shown 
in Table 3. When tested immediately after harvest (i.e. at 0 days), all varieties except Cape 
showed a high degree of dormancy. This variety, reaching 50 p.c. germination after 15 days’ 
test, could be considered non-dormant. Seeds of the two hull-less varieties Excelsior and Gopal 
were still enclosed in the hulls when tested at this stage and the germination figures are not given 
in the Table. They appeared highly dormant, germinating only 12 p.c. and 1 p.c. respectively 


after 40-50 days’ test. 


The ability of Cape to germinate was lost after two days’ storage, when this variety 


appeared dormant, together with the other nine varieties, After 14 days’ storage the germination 
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of hull-less Excelsior was approaching normal. This variety had passed through its after- 
ripening period after 28 days’ storage. At this stage Algerian, Cape, Hannchen, Kwan, Prior 
and Research were still highly dermant, while Gopal, Odessa and Trebi were moderately dormant. 

After the first month, all varieties ripened progressively but at varying rates. Gopal reached 
normal germination in three months, Research and Prior in five months. Algerian, Hannchen 
and Odessa showed 80 p.c. germination in three months and Kwan, Cape and Trebi 80 p.c. 
germination in four months. The after-ripening of these latter six varieties apparently had not 
been completed even after nine months’ storage. 

The relatively non-dormant stage found in the freshly harvested Cape appeared to be of very 
short duration. The seed for this test was collected 13 days after heading. A further sample, 
still in the soft dough stage, was collected 18 days after heading and proved to be quite dormant 
when tested immediately and remained so in all tests for the first month. 

(b) Harvested at the hard dough stage. The percentage germinations obtained are shown 
in Table 4. All varieties showed some degree of dormancy in the first two tests, but subsequently 
‘‘after-ripening’’ at varying rates. Excelsior showed the shortest after-ripening period, reaching 
normal germination after 14 days’ storage. Odessa, Hannchen and Research ripened progres- 
sively from harvest, Odessa germinating normally after one month’s storage and Hannchen and 
Research after two months’ storage. 


TABLE 4. 


Percentage germination of barley varieties harvested at the hard dough stage, 13th November 1945, and 


tested after various periods of after-ripening. 


Period stored 
before testing. 0 days. 2 days. 14days. 28 days. 2 months. 3 months. 4 months. 
No. of days in 

seed germin- 


ator 10 15 2530-40 10 15 25 30-40 1015 25 3 10 15 2 310 2 3 2 315 
Algerian 0 0 O00 O 0 0 0 0 : g 0 11761 34 95 

Cape 3 TW & . ££ & ® 2 = Ss 2 01578 39 99 

Excelsior 2 2 14 56 *96 96 96 

Gopal 4 5 30 60 5 7 14 000 100 

Hannehen 0 1 12 23 10 17 19 #19 10 18 33 5 100 

Kwan 0 0 0 8 1 - 2.2 ' 3 3 S 22 100 

Odessa 1 1 3 8: s © * F¥ = @ 100 

Prior . ¢ @ 2 > 28.9 2 03 2 00 0 100 

Research 4 7 8 ll 5 5 7 10 121516 102929 #=28100 

Trebi i £8 ' = 2 s 5 8 0 0 973 £22 8 90 96 98 


* Three-day count. 


Gopal, which appeared moderately dormant when tested immediately after harvest, appeared 
highly dormant after 28 days’ storage but had ripened completely after three months’ storage. 
Algerian, Kwan and Prior were highly dormant for the first month, but germinated normally 
after three months’ storage. Cape and Trebi, after showing low germination figures for the 
first month, the initial germination being the highest, had ripened completely after three and 
four months respectively. 

(ce) Tested with and without hulls. Seed of the hull-less varieties Excelsior and Gopal 
when freshly harvested at the soft and hard stages were found to have the lemma and palea still 
adhering to tha pericarp, and which had to be peeled off to obtain the normal seed. A test was 
conducted in which the germination of peeled seed, i.e. hull-less, was compared with that of seed 
still enclosed in the hulls. The results with seed harvested at the hard dough stage and tested 
immediately after harvest are shown in Table 5. (In both varieties the peeled grains showed a 
much higher germination than the hulled grains). 


TABLE 5. 


Percentage germinations of barley seed harvested at the hard dough stage and tested 
immediately after harvest, with and without hulls. 


No. of days in seed germinator. 
Variety. 10 15 25 40 


Excelsior—hulled 1 1 3 4 
Excelsior—hull-less 2 2 14 56 
Gopal—hulled 1 1 2 3 
Gopal—hull-less 4 5 30 60 
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A similar result was obtained with Gopal harvested at the soft dough stage and tested after 
14 days’ storage. After 45 days’ test hull-less seed showed 57 p.c. germination, hulled seed 13 p.c. 

(d) Harvested at the hard dough stage and tested after storing under moist and dry 
conditions. A comparison was made at the end of the first month between the rate of after-ripen- 
ing of seeds set out on moist blotting paper in the seed germinator at 21° C. and seeds stored dry 
in paper bags at room temperature. 
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Fig. 1. The rate of after-ripening of ten barley varieties har- 
vested at three stages of maturity. The percentage germination 
obtained at each test is plotted against the length of the period 
since harvest. 


Excelsior and Odessa showed a marked increase in the rate of after-ripening when stored 
dry. Excelsior germinated 96 p.c. after 14 days’ dry storage and three days in the seed ger- 
minator, compared with 56 p.c. germination after 40 days in the germinator. Odessa showed 
100 p.e. germination after 28 days’ dry storage and three days in the germinator, compared 
with 3 p.c. after 30 days in the germinator. Hannchen and Research showed a slight increase in 
the rate of after-ripening when stored dry. Kwan, Algerian and Prior showed very low ger- 
minations throughout the period. Gopal, Cape and Trebi, when set out immediately after 
harvest, reached a considerably higher germination percentage after 30-40 days in the ger- 
minator (60 p.c., 25 p.c. and 15 p.e. respectively) than after 28 days’ dry storage and 10 days in 
the germinator (0 p.c., 2 p.c. and 0 p.c. respectively). 

(e) Sown in sterilized soil. Further parallel tests were made with immature seed in moist 
sterilized soil and seed set out on moist blotting paper. The germination figures obtained in both 
cases were similar. It was concluded that the soil had no stimulating effect on germination. 
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DISCUSSION. 

All the varieties tested showed incomplete after-ripening at the time of 
harvest, and required a storage period before normal germination was possible. 
The degree of dormancy differed widely in the varieties. Excelsior proved to be 
the least dormant, followed by Odessa, Research, Hannchen, Gopal, Prior, 
Algerian, Kwan, Trebi and Cape, in that order. This order was approximately 
the same for all three harvests. It is shown in Fig. 1 that the after-ripening 
behaviour of Research and Hannchen was similar. Kwan and Algerian, and Cape 
and Trebi also resembled each other. 

The initial high germination of Cape, immediately after harvest at the soft dough stage, 
but which is followed by a dormant period, is in agreement with the observations of Duchartre, 
mentioned by Greer and Hutchinson (1945). He noted that barley grains harvested at the milk 
stage were capable of germinating readily. On ripening, their germinating power steadily 
diminished, passed through a minimum then improved to a maximum, from which it slowly 
deteriorated with age. Pope and Brown (1943) found a similar phenomenon with three highly 
dormant winter barleys. Using a non-dormant spring variety as a check, by a suitable technique 
they were able to induce germination in seeds 7-10 days old in all four varieties. This suggested 
that in this early stage of growth in the varieties tested, no more dormancy exists in the embryo 
of the ‘‘dormant’’ winter barleys than in the ‘‘non-dormant’’ spring barley, and that the seed 
coats of the two types are equally permeable. 

Larson, Harvey and Larson (1936) found that winter wheat varieties collected at the hard 
dough stage showed a higher germination after 2 days’ storage than after 9 and 20 days’ storage. 
Similar results were obtained with some rye, oats and barley varieties, including Trebi. They 
concluded that the seed had not entered its deepest resting condition when collected at the hard 
dough stage. No such decrease in germination was found with seed collected when mature. 


Unpublished results of the author have shown that Liral Crown flax, harvested 
when the bolls were just starting to dehisce, germinated 88 p.c. after 10 days’ test 
when set out immediately after harvest, while germination tests made after 2, 14 
and 30 days’ storage gave 10-day germination counts of 30 p.c., 14 p.e. and 24 p.e. 
respectively. The flax seed had apparently entered a dormant phase. 

It seems possible therefore that in the case of the crops mentioned above, an 
internal factor (or factors) normally produces two distinct drifts in the 
germinability of the seed (1) a downward drift commencing at an early stage 
after fertilization and (2) an upward drift subsequently. In different varieties 
these drifts may be initiated at different points of the seed’s development and may 
be of different magnitudes. Under these conditions the resultant of the two drifts 
will determine the germinability of a seed sample of a given variety at any moment. 

The barley varieties examined here showed wide differences in germinability 
at the time of harvest, presumably as a result of differences in the two factors 
described above—some were in the pre-dormant germinable stage, others were 
completely dormant, and others were in the process of after-ripening. Excelsior 
and Odessa at all three harvests, and Hannchen and Research at the hard dough 
and mature stages had passed through the period of maximum dormancy. Cape 
and Trebi at the soft and hard dough stages and Gopal at the hard dough stage 
showed the germinability of the pre-dormant phase. Hull-less seeds of Gopal were 
not tested at the early stages of the soft dough harvest. Hannchen and Research 
at the soft dough stage, Cape, Trebi and Gopal at the mature stage, and Prior, 
Kwan and Algerian at all three harvests were in the highly dormant eondition. 

The order of germinability given at the beginning of this discussion, ranging 
from Excelsior to Cape, represents the resultant of the two drifts described ; this 
order is largely maintained at the three stages of development tested. These two 
drifts may each be the expression of changes in one or more internal factors, or 
they may both be conditioned by changes in the same set of factors. The present 
work was not designed to study the relationship between the two drifts. 
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The dormancy of Prior harvested at all three stages of development differs considerably 
from the results obtained by Raw (1933-4). Harvesting Prior at the milky and dough stages he 
obtained 56 p.c. and 81 p.c. germination respectively in nine days’ test, after storing the seed 
for 12 days. Further tests were made by the author with Prior harvested in November, 1946, at 
three stages of maturity. The results resembled those given in Tables 2-4. 

The initial non-dormant phase obtained with Gopal at the hard dough stage may have been 
due, as is shown later, to a stimulation afforded by injury to the seed coat, and not to the stage 
of development of this variety. Fig. 1 shows that the behaviour of Gopal resembles that of 
Hannchen and Research rather than that of Cape and Trebi. 

The effect of moisture on the germinability of seed harvested at the hard dough stage is 
shown on p. 123. Although no attempt was made to establish a relation between the moisture 
content of the seed at harvest and its ability to germinate, the presence of moisture appeared to 
affect the rate of loss and gain of germinability. Excelsior, Odessa, Hannchen and Research at 
this harvest had passed through the period of maximum dormancy and were in the process of 
after-ripening, which proceeded more rapidly if the seeds were losing moisture. Kwan, Algerian 
and Prior were in the completely dormant phase and were not affected by the presence of 
moisture. Cape and Trebi, and possibly Gopal, had not reached the stage of maximum dormancy 
and germinated slowly if kept moist. If the seeds of these varieties were allowed to dry out, the 
dormant phase was entered. 


All the varieties except Cape and Trebi ‘‘after-ripened’’ more rapidly whea 
harvested at maturity than at the two previous stages. Seed harvested at maturity, 
however, was six weeks older than soft dough seed and four weeks older than hard 
dough seed. When this is considered, high germination percentages can be 
obtained in the shortest time from heading by harvesting Excelsior at the soft 
dough stage, and Odessa, Algerian, Kwan, Cape and Trebi at the hard dough stage. 
The remaining four varieties—Hannchen, Research, Gopal and Prior—when 
harvested at maturity reach normal germination at the same time as, or earlier 
than, seed from the previous harvests. 

In an accelerated breeding programme this delay caused by the after-ripening 
period of freshly harvested seeds may possibly be avoided by the use of the 
germinable stage preceding the dormant period. As this stage occurs when the 
seeds are very immature, the technique developed by Pope and Brown (1945), 
in which the seeds are germinated while still in the spike may be the best method 
of ensuring germination. 

The increased germination of hull-less immature seeds of Excelsior and Gopal 
compared with hulled seeds of these varieties, described on p. 122, introduces 
the possibility of a method for breaking dormancy. Ewart (1909) found that 
peeling grains of dormant Cape barley greatly improved the germination. Bishop 
(1944) suggested the germination of peeled barley grains as a standard test of 
viability, regardless of the state of dormancy of the sample. 

Peeling may affect the grains in either or both of two ways—the process may mechanically 
injure the pericarp and underlying tissues or the removal of the hull itself may alter conditions 
for the seed. Harrington (1923) found that mechanical treatments such as cutting off the 
distal end of the seed or scratching the pericarp in the region of the embryo resulted in 
inereased germination in freshly harvested wheat, barley and oats. Johnson (1935) found that 
dehulling oats, i.e. the removal of the lemma and palea from the caryopsis had no appreciable 
effect on the germination of dormant seed, but that general injury to the cuticle, pericarp or 
testa resulted in marked stimulation. He suggests that the tissues immediately surrounding the 
dormant embryo may restrict the oxygen supply. Harrington also suggests the retention of 
inhibitory substances by these relatively impermeable membranes. In both cases mechanical 
injury to the sced coat may facilitate diffusion, which may occur in the normal course of after- 
ripening by an increase in permeability of the tissues. Recent workers on the problem of 
dormancy: Cox Munger and Smith (1945), exposing the embryos of cabbage seeds by various 
techniques, found that the sced coats inhibited germination by means other than water and gas 
restriction. They were able to isolate an inhibiting substance from the seed coat. 


Breaking the dormancy of barley grains, with particular reference to the 
role of the membranes surrounding the embryo must be the subject for a future 
investigation. 
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SUMMARY. 


Germination tests were made with ten barley varieties harvested when mature 
to determine their relative dormancy and the length of the ‘‘after-ripening”’ 
periods. 

In most eases, harvesting these varieties at the soft and hard dough stages 
was found to increase the length of the after-ripening period. 

Evidence is presented supporting the view that the developing grain is able 
to germinate when very immature but with progressive ripening it enters a dormant 
stage. After this period, increasing germination accompanies the process of 
‘‘after-ripening’’ until normal germination is reached and the seed is fully mature. 

The removal of the hulls from immature seed of two varieties, normally hull- 
less when mature, greatly increased their germination percentage. 


Acknowledgment. I am indebted to Mr. A. T. Pugsley for his direction and helpful 
criticism. 


REFERENCES. 


Bishop, L. R. (1944): J. Inst. Brewing, 50, p. 166. 

Cox, L. G., Munger, H. M. and Smith, E. A. (1945): Plt. Phys., 20, p. 289. 
Ewart, A. J. (1909): J. Dept. Agr. Vic., 7, p. 292. 

Greer, E. N. and Hutchinson, J. B. (1945): Nature, 155, p. 381. 
Harrington, G. T. (1923): J. Agric. Res., 23, p. 79. 

Harrington, J. B. and Knowles, P. F. (1940): Sei. Agr., 20, p. 355. 
Johnson, L. P. V. (1935): Canad. J. Res. C., 13, p. 283. 

Larson, A. H., Harvey, R. B. and Larson, J. (1936): J. Agric. Res., 52, p. 811. 
Pope, M. N. and Brown, E. (1943): J. Amer. Soc. Agron., 35, p. 161. 

Raw, A. R. (1933-34): Proce. Roy. Soc. Vic., 45-46, p. 131. 











MODIFICATION OF RED-CELL AGGLUTINABILITY BY 
CL. WELCHII TOXINS 


by J. F. MeCREA! 
(From the Walter and Eliza Hall Institute of Research, Melbourne). 


(Accepted for publication, 19th March, 1947.) 


The in vitro action of viruses of the influenza group in agglutinating and 
eluting from the red cells of fowls and other species has for some time been thought 
to resemble an enzyme reaction. Hirst (1942) considered that repeated adsorption 
and elution from fowl] cells without significant loss of influenza virus titre strongly 
suggested enzyme-like properties of the virus, but little further experimental 
support has come forward since that time. In the course of preliminary experi- 
ments to discover if direct action of enzymes on red cells could in any way reproduce 
the virus red-cell phenomenon, we found that a toxin of Cl. welchii type A, con- 
taining an active lecithinase C, modified virus agglutination of red cells in a way 
strikingly similar to that obtained with virus treatment alone. Filtrates from a 
strain of V. cholerae produce a similar effect (Burnet, McCrea and Stone, 1946). 
Other enzyme preparations studied have yielded consistently negative results. 

More detailed studies on the V. cholerae filtrates (Stone, 1947) and Cl. welchii 
toxins have now confirmed these findings in general. Evidence is presented in 
this paper, however, to show that the lecithinase and red-cell modifying activities 
of Cl. welchii toxins are due to separate factors, although both are usually present 
in any one toxin in equivalent concentrations. In V. cholerae filtrates it has been 
found also that lecithinase C is absent at the stage in which the red-cell modifying 
factor is produced most actively. 


MATERIALS AND METHODS, 


I am greatly indebted to Dr. A. W. Turner for generous supplies of Cl. welchii toxins and 
antisera. Several of these toxins: Nos. 8107-1, 8107-2, W247, W20 had been prepared in Dr. 
Turner’s laboratory by saturation with ammonium sulphate, while ‘‘Mulford’’ was from the 
Commonwealth Serum Laboratories, Parkville, and No. E34 (‘‘Lechien’’ strain) from the 
Pasteur Institute, Paris. Type A and type C antisera had been obtained from the Wellcome 
Physiological Research Laboratories, and several type A antisera (‘‘ Behringwerke’’ gasoedem- 
serum) were kindly made available by Dr. F. P. O. Nagler. 

The toxin S107-1 was used as the standard throughout as it exhibited maximum red-cell 
activity without @ toxin haemolysis or other undesirable side effects. Solutions of toxin (usually 
2 mg./ml.) were prepared in normal saline and kept for up to several days in the frozen state 
without loss in titre. 


Titration of Cl. welchii toxins. 


The receptor-destroying effect of the toxins on red-cells was titrated in two general ways: 
(1) by qualitative determination of the viruses for which agglutinability had been lost, i.e. the 
extent to which the receptor gradient had been damaged, and (2) quantitatively using a standard 
dilution of a single virus strain to obtain a ‘‘one plus’’ end-point. 

Gradient titrations. A fresh 2 p.c. suspension of red cells was prepared in normal saline or 
in normal saline containing 0-2 p.c. sodium citrate; the latter is not essential. but minimises 
haemolysis particularly where incubation is to be carried out over several hours. One-fifth to 
cne-tenth of the red-cell suspension volume of toxin solution was added, and the mixture 
incubated in a water-bath maintained at a suitable temperature between 38°-42°C. At the 
required intervals the contents of the tubes were mixed and aliquots removed and centrifuged 
immediately. Aliquots of control cells (incubated without toxin) were removed at the same 
time. The supernatant fluid was then removed from each aliquot and the red cells resuspended 
in their original volume of normal saline. 0-25 ml. of resuspended cells was pipetted into a 





1This work has been carried out under a grant from the National Health and Medical 
Research Council. 
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series of agglutination tubes to which had been added 0-25 ml. of standard dilutions (2 agglu- 
tinating doses) of the series of virus strains, The s*rains used: mumps (Mps.), Newcastle 
disease virus (NDV), Melbourne mouse (MM), WS, LEE, BEL, swine influenza (SW), and MIL, 
were described fully in our previous paper (Burnet, McCrea and Stone, 1946). Agglutination 
was read by the standard method of this laboratory after standing at room temperature for 
13 hours. 

Quantitative titrations. Doubling dilutions of the toxins were prepared in 0-25 ml. of 
normal saline containing 1 p.c. sodium citrate, or in 0-25 ml. of the buffer mixtures described 
below. 0°25 ml. of 2 p.c. red cells was added to each tube, and incubation continued at 38°- 
42° C. for the required time. The deposited cells were then shaken from the bottoms of the 
tubes, 0-25 ml. of a standard dilution of Newcastle disease virus (NDV) added, and agglutina- 
tion read after standing at room temperature for 14 hours. Preliminary tests with a series of 
toxin solutions of known concentration showed that this method gave consistent and reasonably 
accurate results. 

Acid buffer mixtures were prepared by adding an equal] volume of 2 p.c. sodium citrate to 
five-fold dilutions of Walpole acetate buffers (Clark, 1920). This gives a final concentration 
of 0-02 N acetate, with which even at pH 5-3 cells may be incubated for several hours without 
haemolysis or agglutination. The addition of 1 p.c. sodium citrate and an equal volume of 2 p.c. 
red cells causes an average increase of 0-8 pH units. Alkaline buffer mixtures were prepared 
by adding an equal volume of 2 p.c. sodium citrate to Palizsch’s borax-borie acid mixtures 
(Clark, 1920). The pH of all buffer mixtures was checked with the glass electrode after adding 
the sodium citrate and after adding an equal volume of 2 p.c. red cells in normal saline. 

The a toxin (lecithinase C) activity was estimated chiefly by the lecithovitellin test, and in 
some cases by the production of acid-soluble phosphate from lecithin and human red-cell lipid. 
(I am indebted to Mr. H. F. Holden for preparing the lipid). Lecithovitellin titrations were 
carried out by diluting the toxin solutions in borate buffer pH 7-2 containing 0-01 M CaClo. 
The end-point was taken at the last tube showing distinct increase in turbidity after incubating 
at 37°C. for 16 hours. This type of titration gave results directly comparable with the 
quantitative red-cell titrations. Liberation of acid-soluble phosphate from lecithin and red-cell 
lipid was measured by extracting reaction mixtures with 20 p.c. trichloracetic acid before and 
after incubation overnight at 40°C. The mixtures were then passed twice through Whatman 
No. 40 paper, aliquots of filtrate ashed with sulphuric and perchloric acids, and total phosphate 
determined by the method of Kuttner and Cohn (1927). 

Gelatinase activity of the toxins was determined after incubating with 8 p.c. gelatin for 
20 hours at 40° C. as described by Turner and Rodwell (1943). Collagenase was estimated by 
incubating small pieces of guinea-pig muscle in serial dilutions of toxin (Oakley, Warrack and 
van Heyningen, 1945), a method which was found to give surprisingly reproducible results. 
@ toxin was determined by its haemolytic action in the presence of citrate. 


EXPERIMENTAL. 
Action of Cl. welehii Toxins on Human, Fowl, and on Red Cells. 


The action of Cl. welchii toxin on human red cells as described in our previous paper has 
been investigated in greater detail, studies being extended to the red cells of other species and 
to other toxin strains. In general the preliminary results have been confirmed, and it can be 
shown that, when incubated with certain toxins, the cells progressively lose their ability to 
become agglutinated by viruses of the mumps-influenza group; further, agglutinability is lost 
in a definite and characteristic order, differing only in minor detail from the gradient obtained 
with virus treatment alone (Burnet, McCrea and Stone, 1946). The step-by-step removal of 
virus receptors can readily be demonstrated by suitable adjustments of toxin concentration and 
times of sampling (Tables 1, 2 and 3). 


TABLE 1. 
Action of Cl. welchii toxin on human (04) red cells. 42° C. 

Time 

(hours) Mps. NDV MM Ws LEE BEL SW MIL Saline. 
$Control SE ++ j++ ++ ++ ++ +4 ++ —_ 
4 Toxin = see ae a TT she a 5 aa a TT — 
1 Toxin + ae ++ ++ TT < i, y So ae a ~— 
13 Toxin — + se <= ++ ++ ++ ++ — 
2 Toxin — — = - ++ ++ ++ 44 a 
24 Toxin _ — — + +. ++ +4 +4 a 
3 Toxin —_ — — — _ tt ++ +4. —_ 
33 Toxin — — — _ + ae TT ++ asi 
4 Toxin _- — — —_ — + ae of. 4. ii 
5 Toxin — — —_ ~— — ais > ee coe 
6 Toxin — — _ —_ i ree + + ie 
6 Control tt tt ++ t+ ++ ++ FH ++ _ 
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TABLE 2. 


Action of Cl. welchii toxin on fowl red cells. 40° O 


Time 

(hours) Mps. NDV MM WSs LEE BEL Sw MIL Saline. 
} Control ++ + ++ ++ tt ++ ++ Ft — 
4 Toxin + + te ++ ++ t+ ++ ++ — 
1 Toxin <i —_ + + a tT ++ <— 
14 Toxin + _— _ + ++ ++ ++ ++ — 
2 Toxin > — — + ++ +4 44 ++ _— 
23 Toxin — — — an + + a+ 4.4. iat 
3 Toxin — — — = a 7 ++ 4d as 
34 Toxin — —~ — — _— —_ a +4 — 
4 Toxin — — salen — “a + +. —_ 
6 Toxin -— _ — — _— — sie aa ea 
6 Control ++ ++ 4 +--+ T+ + ++ T+ ++ 


The action proceeds rather more slowly on human red cells as compared with fowl cells 
(ef. Tables 1 and 2). This is a characteristic species difference, little difference being dis- 
cernable between cells from different individuals of one species. Another minor difference 
between the two types of cells is that wiih human cells the mumps receptor is affected before 
the NDV receptor, whereas the order is reversed with fowl cells. However, similar slight 
variations occur when the receptors are removed by virus action alone. With ox cells (Table 3) 
the order of receptor removal is distinctly different as compared with human and fowl] cells, the 
BEL receptor being removed first and the mumps receptor last; again the order is similar to 
that obtained by virus action alone, or by the action of the V. cholerae filtrate (Stone, 1947). 


TABLE 3. 


Action of Cl. welchii toxin on ox cells. 38° C. 


Time 

(hours)., BEL LEE NDV MIL Mps. Saline. 
4 Control ++ wea ++ ++ ++ ni 
+ Toxin — ++ ++ ++ ++ — 
~~ + ++ ++ +4 — 
1} oe — + TT TT ma 

3 ~- _ ~ — ++ 

34 — — — ~— +4 a 


Action of Various Toxin Strains. 

The toxins available had been selected to provide as wide a range of components as 
possible. In carrying out parallel tests comparing the effect of various toxins on the cells, care 
was taken to keep conditions as uniform as possible by incubating all toxins at the same time 
with the same cell-suspensions, and adding aliquots from the same virus dilutions. 

Table 4 shows the progressive effect throughout the virus group at two stages of incubation, 
and Table 5 shows quantitative titrations using NDV as indicator. 


TABLE 4. 
Activity of several Cl. welchii toxins on human cells. 40° C. 


24 hours. 


Toxin Mps. NDV MM WS LEE BEL SW _ MIL Saline. 
Control cells ++ ++ ++ t+ t+ ++ ++ +1 — 
$107-1 = =— + Cf FF +> — 
Mulford — a — -- + +4 44 44 asia 
W247 ++ +¢ +4 $4 47 9 «OF FF _ 
B17 + +e 2 OF £9 FS FO SF —_ 
Ww20 ++ +7 +O 24 ¢4 99 £7 74 - 

52 hours. 
Contecl colle ++ ++ ++ ++ ++ «++ «++ «+4 = 
$107-1 ~~ i i ae :— 
Mulford — — — — — — + t+ _ 
W247 + +4 44 +4 44 4¢ FF + = 
B17 + +> +) $+ +4 $F «FT TT ie 
w20 + + +¢ +¢ +4 44 « ¢7¢=-7F¢— = 
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TABLE 5. 
Quantitative titrations of receptor destruction by Cl. welchii toxins. 
pH 6-3. 
Toxin dilution. 
Toxin No. 10 20 40 80 160 320 640 Titre. 
$107-1 —_ — = -= > po ie aH 160 
Mulford —- + oa —— + + ++ 160 
$107-2 — — — + ++ ++ 140 
E34 -- - = +> 4-+ ++ ++ 60 
Ww20 — a ++ ++ ++ 18 
W247 ==: ++ ++ ++ ++ <10 
B17 ob ++ ++ ++ ++ <10 
D1 ++ ++ TT ++ ++ <10 
NDV a 
Controls 


Saline 


In both Tables well-marked differences are apparent in the activities of the toxins affecting 
red-cell agglutination. In Table 4, 8107-1 and Mulford are seen to remove receptors as far as 
SW in 54 hours, whilst W20 affects Mps and NDV to a slight degree only and the other toxins 
produce little significant change. The same order of activity is seen in Table 5, which includes 
also a type D toxin containing an active epsilon component. Repeated experiments gave con- 
sistent activity ratios for the various toxins, the absolute titres depending on the pH at which 
the mixtures were incubated (see later). 

Table 6 records the activities of the toxins on various substrates. Red-cell titrations were 
carried out after inactivating the @ haemolysin by a preliminary incubation for 1 hour at 40° C. 
with an equal volume of 1/20,000 cholesterol sol, a procedure which leaves both red cell and 
lecithovitellin activities unaffected. The toxin-cholesterol mixtures were then divided into two 
parts, the first part being diluted out in pH 5-9 acetate buffer-citrate mixture for the red-cell 


titration, and the second part being diluted out in calcium-borate buffer for lecithovitellin 
titration. 


TABLE 6. 


Comparative titres of Cl. welchii toxins on various substrates. 


Gelatinase. 
Red-cell ml. N/20 

Toxin No. titre. a toxin. @toxin. Collagenase KOHt 
$107-1 384 320 <10 16 2-8 
Mulford 384 240 <10 <2 * 
$107-2 256 160 <10 16 2°7 

E3 96 256 8,000 32 3°2 
W20 64 6 <10 2 0 

W247 32 <4 640 2 1-1 

B17 14 <4 40 2 0-1 

D1 8 <4 <10 2 0-3 


* Insufficient toxin available. 
t Increase in titration after 24 hours’ incubation 40° C. 


It is at once apparent from the above Table that receptor-destroying activity and a toxin 
activity are closely correlated (r= 0-905, p=0-001). The Table is arranged in order of 
receptor-destroying activity, and, with one exception, this corresponds with the order of 
activity on lecithovitellin; the exception is toxin E34 (Pasteur Institute strain) which is less 
active on red cells than would be expected from its lecithovitellin activity, but is nevertheless 
more active in both respects than the four toxins which follow it. As described later, however, 
it is thought unlikely that the a toxin is directly responsible for the receptor effect although both 
factors are apparently produced in parallel. 

Collagenase is clearly eliminated from association with the red-cell effect, the strain Mulford, 
for example, showing high cell activity but no detectable collagenase activity. The @ toxin may 
be eliminated similarly. 
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Inhibitory Effect of Cl. welchii Antisera. 


The receptor-modifying action cf Cl. weichii toxins is inhibited to a marked extent by 
certain type A antisera, the most active of which blocks the reaction at a dilution of the order 
of 1 in 20,000. This inhibitory effect can be demonstrated with both gradient and quantitative 
titrations. 

Typical results of quantitative titrations are given in Table 7. The antisera were diluted 
in 0-25 ml. of acetate buffer-citrate mixture at pH 6-2, 0-05 ml. of toxin S107-1 (1 mg./ml. in 
normal saline) added to each tube, and the mixture incubated for 1 hour at 40°C. Control 
tubes without antisera were incubated at the same time. 0°25 ml. of 2 p.c. red-cell suspension 
were then added to each tube, and incubation continued for 4 hours. The supernatant fluids 
were carefully removed from the deposited cells which were then resuspended in 0-25 ml. of 
normal saline, with the further addition of 0-25 ml. of the standard NDV dilution. 


Agglutina- 
tion was read in the usual way after standing for 14 hours at room temperature. 
TABLE 7. 
Inhibitory action of Cl. welchii antisera on receptor modification. 
Antiserum Serum Dilution. 
10 100 ~=— 1,000 2,000 4,000 8,000 16,000 32,000 Titre.  Anti-a 
> + oe ++ ++ == + — 16,000 3,750 
++ —+ = me a is ++ ==> + — 16,000 3,125 
++. +4. ++ a = — — — 2,500 650 
pee 4.4 cron + — —_— -—= — 1,500 375 
‘os 4.4 + + -- — 50 600 
eee ++ aa ae — — 30 15 250,000 
a eas aan — — — <10 <10 


* Globulin preparations. + Type C antiserum. 


It will be seen from the Table that the inhibitory titres of the type A antisera when titrated 
against receptor modification run parallel with the titres against the lecithovitellin reaction: 
for example, Nos. 3755K and 261, which inhibit the receptor modification most actively, show the 
highest antilecithinase titres while No. R5433 gives no detectable inhibition of either reaction. 
There is no clear relationship between anti-@ haemolysin activity and anti-receptor modification 
activity. The anti-a and anti-@ titres are arbitrary figures obtained by diluting out with 
volumes and concentrations similar to those used in the receptor-modification titrations. 

The most interesting point arising from the Table, however, is that antiserum LX241, a 
highly purified a antitoxin, provides only slight protection against receptor modification. This 
was thought at first to be due to the relative lack of avidity of purified globulin as compared 
with unmodified antitoxin in horse serum, but globulin from other antisera, precipitated with 
ammonium sulphate, washed, and redissolved in saline, did not show a significant drop in titre. 

Comparable results were obtained with the various antisera titrated for inhibition of 
receptor modification using as indicator the rate of agglutination loss throughout the virus 
group. Thus, the most active type A antisera inhibited the toxin reaction on cells to a dilution 
of 1 in 10-20,000, and inhibition titre was in approximate proportion to antilecithinase titre. 
The purified a antitoxin again inhibited to a titre of 1 in 20-40 only, and past the zone of 
inhibition yielded a rather unexpected result in that receptcr modification was actually 
accelerated. The accelerating effect can be obtained quite consistently, and is found at all 
dilutions between 1/40 and 1/640; at 1/1280 and onwards the reaction proceeds at the same 
rate as in the controls without antitoxin. 


TABLE 8. 
Action of purified a toxin (LX241) on receptor modification. 
Antitoxin 
dilution. NDV MM WS LEE BEL SW MIL Saline. 

1 in 20 t+ te ++ tH ++ ++ ++ ~ 
1 in 40 _— — — _ — 2. 2. ome 
1 in 640 -- —_ — — ks +T T+ a 
1 in 1,280 —- = = + ++ ++ $+ == 
No antitoxin 7 — — ++ ++ +4 44. — 
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Effect of pH on Receptor Modification. 


The effect of pH in the range 5-3-8-6 has been studied using the buffers described 
previously. Fig. 1 shows that the receptor-modifying reaction has distinctly acid optimum pH 
on both human and fowl red cells: at pH 5-4 the titre is approximately 50 times higher than at 
pH 8-6. It is possible that still higher figures would be obtained at more acid reaction, but 
this could not be investigated because of haemolytic effects. 
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Fig. 1. Effect of pH on the activity of receptor- 


modifying enzyme and lecithinase. Upper curve = Fig. 2. Heat stability of receptor-modifying 
lecithovitellin titre, lower curves = receptor-modi- enzyme and lecithinase at various pH. R= recep- 
fying titre with human and fowl cells respectively. tor-modifying enzyme, L = lecithinase. 


The Figure also shows the effect of pH on the lecithovitellin reaction, which, as described 
previously (Macfarlane and Knight, 1941) has an optimum at approximately pH 7. The 
relatively flat curve with the optimum at pH 6-8 differs distinctly from the steep curves 
obtained with human and fowl red cells. The same buffers were used with the exception that for 
the lecithovitellin tests 0-01 M calcium chloride was included instead of 1 p.e. sodium citrate. 
The pH points shown are those of the final mixtures at the beginning of incubation; after 16 
hours’ incubation only insignificant pH changes were found. 

The progressive modification of receptors throughout the virus group is similarly accelerated 
at acid pH and greatly retarded at alkaline pH (Table 9). 


TABLE 9. 
Effect of pH receptor modijication. Overnight incubation 40° C. 


Virus strain. 


pH NDV MM Ws LEE BEL SW MIL Saline. 
5-9 -— — —_ — + at _— 
6-7 _ — = a ++ ++ Fy — 
7-8 + + + ae ++ a oe = 
Controls ++ ==. > ae + ++ 4+ <a 


Heat Stability of the Cell-modifying Factor. 

The lecithinase C of Cl. welchii is known to be one of the relatively heat resistant enzymes. 
In alkaline buffer solution it has been reported to lose only approximately 50 p.c. of its initial 
activity after heating for 10 minutes at 100° C. in a sealed ampoule (Macfarlane and Knight, 
1941). Preliminary experiments on the heat stability of the receptor-modifying factor showed 
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immediately that it was far more heat-sensitive than lecithinase, being completely destroyed 
after heating at pH 7-5 for 10 minutes at 60°C. The lecithinase activity of the same sample 
was reduced to 50 p.c. only. 

Further tests at different temperatures and pH confirmed this difference between the two 
factors. Fig. 2 shows in greater detail the progressive loss of activity when Cl. welchii toxin 
is heated at 58° C. in borate buffer at pH 8, in acetate buffer at pH 6, and in normal saline. 
Toxin S107-1 (2 mg./ml.) was diluted with an equal volume of buffer or saline, samples 
removed from the bath at the intervals shown, and titrations carried out in parallel. The 
receptor titrations were obtained after diluting in acetate-citrate mixture at pH 6-5, incubating 
with 2 p.c. human red cells overnight at 40° C, and then adding the standard NDV dilution in 
the usual way. Lecithovitellin titrations were carried out in calecium-borate buffer pH 7-2. 

In both buffer solutions the lecithinase activity is not significantly reduced after heating 
for 15 minutes, but in unbuffered saline only 10 p.c. of the initial activity remains under the 
same conditions. Receptor-modifying activity, on the other hand, is completely destroyed after 
heating for 10 minutes at pH 8, reduced to approximately 1 p.c. after 15 minutes in normal 
saline, but scarcely affected after 15 minutes at pH 6. There is thus a marked distinction 
between the lecithinase which is almost completely stable at either pH 6 or pH 8, and the 
receptor-modifying factor which is stable only at pH 6 and rapidly destroyed at pH 8 or in 
normal saline. 


Activators and Inhibitors. 


The cell-modifying reaction is not inhibited by neutralized M/4 citrate, M/4 oxalate or 
other ions which inhibit lecithinase by suppressing the ionization of calcium. Fluoride exerts a 
slight activating effect at concentrations immediately past the haemolytic zone. M/10 eyanide, 
iodoacetate, and iodopropionate are also non-inhibitory either during the reaction or when 
incubated with the enzyme alone before adding the red cells. The only reagent showing inhibi- 
tion of any order is 1 p.c. formalin, which reduces the rate of reaction by approximately 50 p.q 
when incubated with the enzyme for 30 minutes before adding red cells. No reagent tested 
inhibited the reaction completely, but this is possibly because adsorption on to the red-cell 
surface protects the enzyme. 


Adsorption and Elution. 


The receptor-modifying enzyme is rapidly adsorbed on to the red-cell surface. This is best 
demonstrated by adding packed red cells to the toxin solution for 1 minute or less at 0° C., and 
then immediately centrifuging down the red cells and removing the supernatant fluid. Less 
complete adsorption is obtained when the time of contact of cells and toxin is increased, or at 
higher temperatures. The adsorbed enzyme may be completely recovered by incubating the 
red cells in citrate-saline for 4-1 hour at 37° C. 

This behaviour is in distinct contrast to that of the lecithinase in the same toxin solutions, 
which is adsorbed much more slowly, the optimum time being approximately 30 minutes under the 
same conditions. ° 


TABLE 10. 


Adsorption of lecithinase and receptor-modifying enzyme on human red cells. 
0° C. for one minute, 


Adsorption Lecithinase. Receptor enzyme. 
pH. Original Supernatant. Original. Supernatant. Eluate. 
4-5 160 160 240 80 120 
5-1 160 160 240 80 120 
7-0 140 160 240 140 80 
8-0 166 160 240 140 80 


Typical results of an adsorption experiment are given in Table 10, which shows also the 
effect of pH on adsorption. 0-4 ml. of toxin S107 (0-5 mg./ml.) was added to 0°3 ml. of 
buffer solution, and the mixture was then divided into two parts; one part was used as a control, 
and to the other was added 0-05 ml. of packed red cells. After shaking gently for 1 minute, the 
red cells were rapidly centrifuged down and the supernatant fluids carefully removed. The 
cells were resuspended in their original volume of citrate saline, the whole procedure up to this 
point being carried out in the cold-room at 0° C. The resuspended cells were then removed from 
the cold-room and incubated for 14 hours at 37°C. to elute the enzyme. Lecithovitellin 
titrations on the original and supernatant fluids were carried out in the usual way by dilution 
in buffered calcium saline, and red cell titrations by diluting aliquots from the same fluids in 
0-25 ml, citrate-acetate buffer pH 6-4 and adding 0-25 ml. of 2 p.c. red cells. 





134 J. F. McCREA 


Table 10 shows that at pH 4-5 and 5-1 approximately 70 p.c. of the receptor-enzyme is 
adsorbed, and at pH 7 and 8 approximately 50 p.c.; complete adsorption has not been demon- 
stratable under various conditions. The lecithinase titre remains unchanged after adsorption 
of receptor-enzyme on the red cells at all pH values. The Table shows also that the adsorbed 
receptor-enzyme may be quantitatively recovered on elution from the cells. 

Effect of Dialysis. 


No decrease in activity was observed after dialyzing 5 ml. of toxin (2 mg./ml.) against 
approximately 2 litres of distilled water at 0° C. for 24 hours. 


DISCUSSION. 


It is now apparent that a reproducible and specific effect may be obtained 
by treating the red cells of several species with toxins derived from certain strains 
of Cl. welchii. After such treatment the cells lose their ability to agglutinate with 
viruses of the influenza group, the order in which the ability is lost being 
characteristic of the cells concerned, and substantially the same as that obtained 
by virus action alone, and by the cholera vibrio enzyme. 

The following evidence strongly suggests that the receptor-modifying factor 
present in Cl. welchii toxins is an enzyme; it is non-dialyzable, heat-labile, 
extremely senitive to pH changes, and may be adsorbed on to red ceils and eluted 
without significent loss of activity. Because of technical difficulties inherent in 
red-cell agglutination tests, it has not been possible strictly to demonstrate the 
characteristic effects of varying substrate and enzyme concentrations. 

Throughout the range of Cl. welchii toxins examined there is strong correlation 
between lecithinase and receptor-modifying activities. Further, the action of the 
receptor-modifying enzyme is inhibited to high dilution by type A antisera which 
also inhibit lecithinase, and, with the exception of one purified antiserum, there 
is fair proportionality in the inhibitory titres against the two enzymes. How- 
ever, it is clear that lecithinase is not directly responsible for the red-cell effect, 
firstly because the latter is greatly accelerated in acid solution to pH 5-3 and 
suppressed in alkaline solution, whilst lecithinase shows a broad optimum between 
pH 5 and pH 8. Secondly, the receptor-modifying enzyme is rapidly destroyed 
by heating in alkaline solution at 55—-60° C., whereas the lecithinase titre of the 
same solution is not significantly decreased ; and thirdly, under suitable conditions 
the receptor-enzyme can be adsorbed from toxin solution without adsorbing 
lecithinase. 

The fact that the cell-modifying action is not inhibited by ions which suppress 
calcium, the activator of lecithinase, cannot be considered entirely sound evidence 
for the non-identity of the two enzymes, because the two systems are not entirely 
comparable in this respect ; the red-cell-enzyme-inhibitor system is heterogeneous, 
and it is conceivable that, with rapid adsorption of enzyme on to the red-cell 
surface, an inhibitor in the liquid phase might be ineffective. In addition, we 
found in preliminary experiments that, after an initial lag, the release of acid- 
soluble phosphate from red-cell lipid proceeds at the same rate in normal saline 
as when calcium is added, presumably because sufficient calcium is bound to the 
lipids themselves. Further, hydrolysis of lipid emulsions is not entirely suppressed 
even in the presence of citrate concentrations sufficient to prevent visible haemolysis 
in red-cell systems. For these reasons we considered, in earlier stages of the 
work, that lecithinase produced receptor modification in the absence of calcium 
ions because its activity was retarded sufficiently to prevent haemolysis, but not 
sufficiently to prevent lipid hydrolysis. However, for the reasons given previously 
it now seems improbable that iecithinase is itself responsible for receptor 
modification. 
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The highly significant correlation between lecithinase and receptor-enzyme 
in the range of toxins examined is unlikely to be due to a coincidence. It is quite 
conceivable that the two enzymes are produced concomitantly in some physiological 
process of the bacterium. They would then tend to appear in filtrates in relatively 
constant mutual proportions, and if, as is reasonable, one assumes that both are 
effective antigens then the corresponding anti-enzymes in antitoxie sera would 
also be more or less closely correlated. 

The activating effect of purified a antitoxin, at dilutions immediately past the 
zone inhibitory to receptor modification, is interesting because it suggests the 
possibility of interference or competition between the two enzymes. Whether 
this indicates that both attack a similar substrate is doubtful, but it is clear that 
where it is possible completely to suppress lecithinase activity without suppressing 
receptor-modifying activity, the latter proceeds more rapidly than when free, 
un-neutralized lecithinase is present. Burnet (unpublished) has proved that 
lecithinases of Cl. welchii and Cl. oedematiens have a distinct agglutinating activity 
on cells treated with the receptor enzyme of V. cholerae—an activity not seen with 
normal cells. It is possible that the present effect mainly represents the absence 
of this secondary agglutinating action of lecithinase on cells modified by the 
receptor enzyme. 

It appears unlikely that the other identified toxins of Cl. welchii, namely the 
6 haemolysin, collagenase, and gelatinase, are concerned in receptor modification. 
Current studies on hyaluronidases from various sources indicate that this enzyme 
also is unlikely to be concerned. 

Since the experimental work described in this paper was completed, it has 
been reported that certain strains of Cl. welchii produce enzymes which destroy 
the O and A substances of hog mucin (Morgan, 1946). These enzymes may possibly 
be the same as those affecting red-cell agglutinability by influenza virus, but 
preliminary tests (in which the serum agglutination tests were kindly carried 
out by Dr. R. Jacobowicz) indicate that human cells of appropriate types incubated 
with an active Cl. welchii strain, until no longer agglutinable by virus, are not 
significantly altered for serum agglutination. 

The possibility that the receptor-modifyng enzymes of Cl. welchii and Vibrio 
cholerae (Stone, 1947) are identical may be considered here. Several points 
of similarity exist, namely relative heat-stability in acid solution but rapid 
destruction at 55-60° C. in alkaline solution, the distinetly acid optimum pH, and 
the rapid adsorption on red cells with subsequent recovery on elution. One point 
of difference is that the vibrio enzyme is inhibited by citrate and activated by eal- 
cium ions, neither effect being found with Cl. welchii toxins. However, the 
action of the Cl. welchii enzyme is complicated by the presence of lecithinase, which, 
as discussed earlier, may compete with the receptor-enzyme on the cell surface, and 
hence conditions apparently favourable to the receptor-enzyme may in part be 
those least favourable to lecithinase. This would be consistent with the receptor- 
enzyme having the optimum reaction at less than pH 6 and in the absence of 
ealcium ions. The vibrio enzyme, on the other hand, is not produced concomitantly 
with lecithinase and so may show the true optimum conditions. In general, there 
is apparently no essential difference between the enzymes from the two organisms. 

Up to the present time it has not been possible to characterize the enzyme 
present in Cl. welchii toxins and vibrio filtrates affecting the red-cell receptors, 
or to determine the nature of any chemical changes in the red cells themselves. 
Knowledge of such facts would be of obvious interest in regard to the action and 
possible enzyme mechanism of the influenza viruses and investigations are being 
continued in this direction. 
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SUMMARY. 


The toxins of certain strains of Cl. welchii progressively modify human and 
other types of red cells so that they lose their ability to agglutinate with members 
of the influenza virus series. The factor responsible has the properties of an 
enzyme. 

In the range of toxins examined there exists a highly significant correlation 
between the a toxin (lecithinase C) activity and cell-modifying activity. How- 
ever, because of distinct differences in heat-stability, optimum pH, and adsorption 
conditions, it is coneluded that the cell-modifying action is not due to lecithinase, 
and further that it is not due to the other known toxins and enzymes of Cl. welchii. 

The cell-modifying action is inhibited to high dilution by several Cl. welchii 
type A antisera in approximate proportion to their anti-lecithinase titre, but only 
slightly inhibited by a purified a antitoxin. 

The receptor-modifying enzyme is rapidly destroyed on heating at 55—-60° C. 
in alkaline solution, but is relatively stable in acid solution. The optimum activity 
pH is at approximately pH 5-4. The enzyme may be rapidly adsorbed on to red 
cells at 0° C. and recovered quantitatively on ineubating at 37° C. 

Fluoride, citrate, oxalate, and other ions suppressing calcium do not inhibit 
the cell-modification, but actually facilitate its demonstration through minimizing 
the haemolytic action of lecithinase. Formalin reduces the activity by approxi- 
mately 50 p.e. 
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Evidence that the specific receptors for the influenza groups of viruses 
on the red cell can be destroyed by agents other than the viruses themselves has 
recently been presented (Burnet, McCrea and Stone, 1946). Products from two 
bacterial species Clostridiwn welchii and Vibrio cholerae, were found tapable 
of removing the receptors from human red cells. It was shown that the active 
agent of V. cholerae could be adsorbed to red cells at 0° C. and eluted from the cells 
on warming in essentially the same way as virus. Moreover the loss of agglutin- 
ability with the various viruses which accompanied elution of the bacterial product 
took place in a definite linear order in the same way as results from virus action. 

In view of this apparent similarity in the action of the two types of agent, 
a more detailed comparison was undertaken. The results to be reported in this 
paper show that, except for some minor points of detail, the action of the 
V. cholerae agent on the red-cell surface closely parallels that of the viruses of the 
influenza group. Since the agent has all the characteristics of an enzyme, this 
is taken as evidence for the existence on the virus surface of enzymically active 
configurations which are concerned with the red-cell reactions. 


MATERIALS AND METHODS. 


The virus strains adopted as the standard series for this investigation were as follows: 


Mumps (MU)—Enders strain supplied through the courtesy of Dr. W. I. B. Beveridge. 
NDV—Neweastle disease virus, Victorian strain of Albiston and Gorrie. 
MEL—Melbourne strain of influenza A isolated in 1935. 

WS—Classical strain of influenza A. 

LEE—Standard influenza B strain. 

BEL—Influenza A strain isolated during Victorian epidemic, 1942. 

SW—Shope’s strain 15 of swine influenza. 

MILB—Influenza B strain isolated in Melbourne, 1945. 


They were used in the form of infected allantoic fluids with the exception of NDV in which 
case amniotic fluids were sometimes used especially for work with human cells. The ‘‘ standard 
dilutions’’ of virus were made to contain approximately 10 agglutinating doses for a 1 p.c. 
suspension of the red cells under study. 

V. cholerae strain 4Z was grown in beef-heart infusion broth for 18-24 hours at 37° C. 
The early experiments in this investigation were made with culture filtrates prepared by pre- 
liminary centrifugation followed by filtration through a gradacol membrane of A.P.D. 750 mu. 
In all the later work, fractions prepared by Mr. J. F. MeCrea of this Institute by ammonium 
sulphate precipitation were used. Broth cultures were first filtered through a Seitz EK filter 
and the active fraction precipitated from the filtrate by the addition of an equal volume of 
saturated ammonium sulphate solution at 0° C. The precipitate was collected by centrifugation, 
dissolved in a minimal volume of normal saline and dialyzed in a cellophane bag against distilled 
water at 0° C. for 24 hours. Any precipitate was removed by centrifugation and the remaining 
fluid dried in vacuo. The average yield of the crude material which undoubtedly contained a 
large proportion of protein other than the enzyme under study was approximately 1 mg. per ml. 
of original broth culture. 

At first these fractions were thought to have no activity in removing the virus receptors 
until it was realized that the presence of free calcium ions was necessary for the action of the 
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enzyme. The optimal concentration of calcium chloride appeared to be approximately 0-1 p.c. 
although there was little difference over the range 0-01 to 1 p.c. Saline (0-9 p.c. sodium 
chloride) with 0-1 p.c. calcium chloride has been used as the medium for all experiments with 
the fractionated material. 

In order to avoid the use of citrate in the preparation of the red cells, blood was defibrinated, 
centrifuged and the cells washed once with normal saline. In the case of horse cells, the blood 
was citrated on collection, but the cells were thoroughly washed with four lots of saline before 
use. 

The activity of enzyme preparations was titrated by determining the amount required to 
destroy the receptor for MEL virus under standard conditions. Doubling dilutions of the enzyme 
in 0-25 ml. volumes were prepared in saline containing 0-1 p.c. calcium chloride. 0-25 ml. of. 
1 p.c. washed human red-cell suspension was added to each tube and the series incubated for 2 
hours at 37°C. After this time, the cells had sedimented completely and the supernatants were 
removed and discarded. The cells were mixed with 0-25 ml. of saline and 0-25 ml. of a 
standard dilution of MEL virus containing 10 agglutinating doses and allowed to settle at room 
temperature. In those tubes where the receptors had been destroyed no agglutination occurred, 
while beyond the limit of activity of the enzyme typical virus agglutination took place. The 
set-up was essentially equivalent to an immune serum titration and the end-point was similarly 
taken as the ‘‘one plus’’ degree of partial agglutination after complete sedimentation. 


EXPERIMENTAL. 
Order of Removal of Virus Receptors. 


In earlier experiments (Burnet, McCrea and Stone, 1946) there appeared to be one significant 
discrepancy in the order of removal of the virus receptors by the vibrio enzyme and by virus 
action, namely in the position of the mumps receptor relative to those of other viruses. Under 
the action of viruses the susceptibility of the human red cell to agglutination by mumps virus 
was lost before the susceptibility to any other virus in the series, but with the action of vibrio 
enzyme it was retained until the cells had become resistant to several other viruses. 

A more detailed examination of the order of receptor removal from both human and fowl 
cells by the vibrio enzyme has now been carried out. The enzyme preparation used in these 
tests was a gradacol membrane filtrate. Cells were treated according to two different methods, 
firstly, using serial dilutions of the enzyme acting for a standard time and secondly, using 
undiluted culture filtrate acting for varying times. 


TABLE 1. 
Removal of virus receptors from human red cells with vibrio enzyme. 

Cells treated Haemagglutinin titre expressed as percentage 

with V’. chol- of titre with normal cells. 

erae filtrate MU NDV MEL Ws LEE BEL SW MILB 
Undiluted <2 <2 <1 <1 <1 <i 14 100 
1 in 8 <2 <2 | 2 17 50 65 200 
lin 16 70 <2 <i 10 25 80 80 >100 
1 in 32 70 32 40 50 100 100 100 200 


In the first type of experiment, serial dilutions of the vibrio filtrate were made in normal 
saline in 2 ml. amounts and to each was added 0-1 ml. of packed washed cells. The tubes were 
incubated for 2 hours at 37° C., then centrifuged and the sedimented cells made up to 1 p.c. 
suspension in saline. A sighting test of the susceptibility of these cells to agglutination by the 
standard series of viruses was made with a virus dilution containing approximately 10 agglu- 
tinating doses for normal cells. Several suspensions showing a graded series of reactions with 
the eight viruses were chosen and used for actual titration of the viruses in parallel with a 
control suspension of normal cells. The titres for each virus obtained with the treated cells 
have been expressed as the percentage of those obtained with normal cells. It will be seen from 
Tables 1 and 2 that the agglutinability of the cells for the different viruses is lost in the 
following order: NDV, MEL, WS, LEE, MU, BEL, SW, MILB, in the case of human cells and, 
NDV, MEL, WS, BEL, MU, SW, LEE, MILB, in the case of fowl cells. 

This sequence of receptor removal was confirmed by a second set of experiments in which 0°1 
ml. lots of packed cells were incubated with 2 ml. amounts of undiluted culture filtrate for varying 
periods of time over the range 4 minutes to 4 hours. After the required period of incubation at 
27° C., 0-1 ml. of 20 p.c. sodium citrate solution was added, the cells sedimented in the centrifuge 
and made to 1 p.c. suspension in saline. The addition of citrate, giving a final concentration of 
i p.e., served by removal of calcium ions to prevent or considerably retard any further action of 
the enzyme on the cell receptors. 
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TABLE 2. 
Removal of virus receptors from fowl red cells with vibrio enzyme. 


Haemagglutinin titre expressed as percentage 


Cells treated : - 
of titre with normal cells. 


with V. chol. 


erae filtrate MU NDV MEL WSs LEE BEL Sw MILB 
Undiluted <1 <1 <1 <1 16 <1 5 55 
lin4 i0 <1 <1 1 65 <1 25 100 
lin 16 80 <1 16 14 >100 70 65 >100 


The results obtained when these cell-suspensions were tested against 10 agglutinating doses 
of virus are expressed in Fig. 1. With both human and fowl red cells the order of removal of the 
various receptors was precisely the same as that obtained by the other method illustrated in 
Tables 1 and 2. 

To determine the order of receptor removal by the action of virus, either of two procedures 
may be adopted. As described by Burnet, McCrea and Stone (1946) one can prepare a series 
of cells treated with different viruses and stabilized by prolonged incubation or, if necessary, by 
the use of immune serum. From the results obtained when these are tested against the standard 
series of viruses, one can determine the order in which resistance to agglutination by the various 
viruses is developed. The ‘‘receptor gradient’’ for human cells obtained by this method and 
given by Burnet, McCrea and Stone (1946), differs from that given above for the action of the 
vibrio enzyme only in the position of the mumps receptor. A further series of tests with the 
current virus stocks has confirmed this result. 
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Fig. 1. Progressive loss of agglutinability of red cells 
treated with vibrio enzyme. The agglutination by the 
standard series of viruses of celfs treated for the times 
shown is represented as follows: 

Shaded areas = complete agglutination; 
areas = partial agglutination; Clear areas = 
tination. 
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Fig. 2. Comparison of serum agglutinability 
of human red cells treated with virus and with 
the vibrio enzyme. Agglutinin titres are shown 
for twenty normal human sera against cells 
treated with: 
Vibrio enzyme = continuous line; Swine in- 
fluenza virus = broken line. 





A second method, more comparable with those available in the study of the vibrio enzyme, 
consists in selecting a virus known to be near the end of the gradient and allowing this to act on 
cells for varying lengths of time or, more conveniently, for a standard time in varying concen- 
trations. The cells are stabilized with immune serum and tested for receptor damage with the 
standard series of viruses. 

Using this technique a number of tests have been carried out with SW virus acting on human 
cells from different donors and after storage for different periods. These have been made in 
parallel with similar tests of the vibrio enzyme. Numerous minor variations in the sequence of 
several of the viruses were observed, but the general gradients for the action of virus and vibrio 
enzyme were the same as already described. 

In tests of the action of SW virus on eight different samples of cells the mumps receptor 
was destroyed first in all but one case and then it was second only to WS. The receptors for 


NDV, MEL and WS appeared to be removed very close together with minor variations in 
sequence in different tests, while LEE, BEL, SW and MILB followed regularly in that order. In 
the comparable set of tests with the vibrio enzyme again the receptors NDV, MEL and WS were 
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removed almost simultaneously. In no case was the mumps receptor definitely removed first, but 
in four it was destroyed together with one or all of the NDV, MEL, WS group, while in the other 
four it followed this group. The remainder of the sequence was LEE, BEL, SW and MILB 
in all but one case in which BEL preceded LEE. 

It seems therefore that there is a definite difference in the relative ease with which human 
cell reactivity to mumps virus is removed by viruses on the one hand and the vibrio enzyme on 
the other. There was, however, a certain amount of variation with different samples of cells 
and in some cases the two gradients were practically identical. 

With fowl cells the order of receptor loss with virus action is similar to the human cell 
gradient. Burnet (1945, a and b) established the sequence MU, NDV, MEL, WS and LEE so 
that, as with human cells, the mumps receptor is removed at a different position in the series from 
that obtained with the action of the vibrio enzyme. To determine the sequence of the other 
viruses, fowl cells were treated with LEE, SW, and MILB viruses for 2 hours at 37° C. These 
were stabilized with immune serum and tested for agglutination with 10 agglutinating doses 
of the standard series of viruses. The results which are shown in Table 3 indicated that the 
susceptibility to agglutination by BEL was lost after that to WS but they did not differentiate 
between LEE, SW and MILB. Quantitative titration of these three viruses with the treated 
cells showed that the order of degree of receptor damage varied with the virus used to treat the 
cells. In general, there was proportionately more damage to the homologous receptor in each 
case. 

A number of other experiments using cells treated for longer periods and with different 
dilutions of virus have given similar results although in most cases the reaction of LEE-treated 
cells was proportionately lower with the homologous virus than in the experiment illustrated in 
Table 3. A comparison of these results with those obtained with the vibrio enzyme again reveals 
no serious discrepancy apart from that of the mumps receptor. 


TABLE 3. 


Action of viruses on fowl red cells. 


Titre expressed as 


Reaction with 10 agglutinating doses percentage of titre 

Cells treated of virus. with normal cells. 
with virus MU NDV MEL WS’ LEE BEL SW MILB LEE SW MILB 
LEE _- =—- = - +¢ = £€¢ ¢¢ 82 BB 
SW — — — — ++ _— + ++ 34 13 34 
SW 1in8 —- -—- — + ++ + FF Ft . ‘ 
MILB — —_ aes — > i 2 zomg a : on 8 42 85 68 
Normal cells ++ ++ ++ ++ ++ ++ ++ ++ 100 100 100 


+-+ Complete shield of agglutinated cells. 
++, +, + Degrees of partial agglutination. 
— No agglutination. 


TABLE 4. 


Action of vibrio enzyme on horse red cells. 


Cells treated with 


is cage Reaction with 10 agglutinating doses of virus. 


solution 
(5 mg. per ml.) MU NDV MEL LEE SW MILB 
Undiluted ++ — — _ a _ 
lin2 ++ _ —_ —_ re a 
lin4 ++ — — _ $+ ++ 
1in8 ++ —_ = > > a+ 
1 in 16 ++ ~- += ++ tT ++ 
1 in 32 ++ + + ++ ++ ++ 
1 in 64 ++ + a ++ ++ ++ 
Normal cells a a ++ ++ aa +e 


Symbols as in Table 3. 


Limited investigations have been made with red cells of other species. Guinea-pig cells 
appear to behave in a similar way to those of fowl or man. By treatment with the vibrio enzyme 
cells resistant to agglutination by all members of the standard series of viruses were readily 
obtained. With rat cells, results were inconclusive as treatment with either the vibrio enzyme or 
virus seemed to render them permanently unstable. Horse and ox cells have been studied in some 
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detail as these differ considerably from fowl and human cells both in the range of susceptibility 
to the viruses in question and the order of removai of the virus receptors. The chief characteristic 
of the receptor gradient with these cells is the undue retention of the mumps receptor after all 
others have been removed by the action of either virus or vibrio enzyme. 

In the case of horse cells, the sequence with the action of either agent is NDV, MEL, LEE, 
MILB, SW, MU. As WS did not agglutinate normal horse cells and BEL gave only slippery, low 
titre agglutination, these were omitted from the series. Table 4 shows the reaction of cells 
treated with varying concentrations of vibrio enzyme. All attempts to obtain cells resistant to 
agglutination by mumps virus using treatment with vibrio enzyme in high concentrations and 
for long periods were unsuccessful. Similarly, treatment with swine influenza virus rendered 
cells resistant to all but mumps virus. 

Only four of the standard series of viruses agglutinated ox cells to titres sufficiently high 
to allow investigation. The vibrio enzyme removed the receptors for these viruses in the follow- 
ing order: LEE and NDV almost simultaneously, followed by MILB then MU. Cells resistant 
to MU could be obtained by prolonged treatment. With virus action there was a difference in 
the position of LEE, but again MU was last in the series: NDV, MILB, LEE, MU. 


Reciprocal Blockade of Red Cell Receptors with Virus and Vibrio Enz,me. 


The experiments already reported in this and the earlier paper have established that the 
vibrio enzyme progressively destroys the capacity of the red cell to be agglutinated by viruses. 
This has been interpreted as due to the destruction of certain limited ‘‘receptors’’ on the cell 
surface. In order to establish this hypothesis more securely, experiments were planned to show 
first that cells in which receptors had been destroyed by one agent failed to absorb the other, 
and second that simple adsorption of one agent in the cold without further action would block 
the adsorption of the second agent. 

In the tests for adsorption of virus, 1 ml. of chilled allantoic fluid stock was mixed with 
0-05 ml of packed cells, held for 5 minutes in an ice bath then spun and the supernatant fluid 
retained for haemagglutination titration in parallel with the original virus. Absorption of the 
vibrio enzyme was determined in the same way except that only 0-2 ml. of enzyme solution 
(5 or 10 mg. per ml.) was used with 0-05 ml. of packed cells. Titrations of enzyme activity 
were made as described above. 


TABLE 5. 


Effect of receptor damage on absorption of virus and vibrio enzyme by man red cells. 


MEL Sw MILB Vibrio Enzyme 


Original titre* 800 80 120 160 


Titre after absorp- 
tion with human 
red cells: 


Treated at 37° C. 


with SW 640 (20 p.c.)t 20 (75 p.c.) : 60 (62 p.e.) 


Treated at 37° C. 


with MILB ; : 160 (<1 p.e.) 120 = (25 p.e.) 


Treated at 37° C. 





with vibrio 
enzyme 850 (<1 p.c.) 90 (<lp.c.) . 160 (<1p.c.) 
Normal 130 (84 p.c.) <10 (>90 p.c.) 15 (88 p.c.) <10 (>90p.c.) 


*Titres of virus are the haemagglutination titres for human red eells. Titres of vibrio 
enzyme represent the titres of receptor-destroying activity (see text). 


tFigures in parentheses represent the percentage absorbed by each type of cell. 


Three types of treated cells were prepared. Firstly cells were treated with vibrio enzyme 
(5 mg. per ml.) for 4 hours at 37° C. so that a sample no longer agglutinated with any of the 
standard viruses. A second lot of cells also resistant to agglutination by all eight viruses was 
prepared by treatment with MILB virus for 20 hours at 37° C. followed by stabilization with 
immune serum, while the third lot which was treated with swine influenza virus for 2 hours at 
37° C. then stabilized with immune serum, still agglutinated with SW and MILB viruses but was 
resistant to the earlier members of the series. 

These three types of cells were tested together with normal human cells for capacity to 
absorb both virus and vibrio enzyme From the results which are tabulated in Table 5, it 
appears firstly that this capacity of the cells to absorb was inversely proportional to the extent 
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of receptor damage and secondly that the percentage of virus absorbed by a given preparation 
of cells depended on the position of that virus in the receptor gradient. Thus after treatment 
with the vibrio enzyme, cells were incapable of absorbing either virus or further enzyme, while 
MILB-treated cells although unable to absorb MILB virus still absorbed a reduced percentage 
of vibrio enzyme. Similarly the SW-treated cells were more reactive, absorbing considerable 
amounts of SW virus or vibrio enzyme but very little MEL, a virus falling much earlier in the 
receptor gradient. 

It appears therefore, that absorption of virus or vibrio enzyme under these conditions was 
a direct function of the specific red-cell receptor and that the vibrio enzyme was adsorbed to the 
same receptor system as were the viruses. 

Attempts were then made to ‘‘saturate’’ cells by treatment with virus in the cold in order 
to see if such treatment could block the absorption of other strains of virus or of the vibrio 
enzyme. For such saturation it was found that several treatments with considerable excess of 
virus were necessary. In the procedure finally adopted, 0-05 ml. of packed cells was mixed 
with 5 ml. of chilled allantoic fluid virus. The mixture was held in an ice bath for 1-2 hours, 
spun, the supernatant fluid discarded and this treatment of the cells repeated twice with fresh 
virus. After being checked for their inability to absorb further amounts of the original strain 
of virus, these ‘‘coated’’ cells were tested in parallel with normal cells for their capacity to 
absorb the second agent, whether another strain of virus or the vibrio enzyme. These absorp- 
tion tests were made according to the standard technique described above for cells previously 
treated at 37° C. Care was taken to keep the coated cells chilled throughout all manipulations. 


TABLE 6. 


Interference with absorption of virus and vibrio enzyme when red cells previously coated 
with virus at 0° C. 


Vibrio 
MEL SW MILB Enzyme 
Original titre* 250 260 480 280 
Titre after absorption with 
human red cells: 
MEL—coated ’ 260 560 100 
SwW—coated 240 , : ‘ 
MILB—coated , ‘ - 60 
Normal 50 30 35 15 


* As in Table 5. 


Table 6 shows the results of absorption tests with human cells coated with the viruses MEL, 
SW and MILB. It will be seen that there was complete interference between the different strains 
of virus, that is, cells coated with one strain of virus were incapable of absorbing a second 
strain, regardless of the relative positions of the two strains in the receptor gradient. Absorp- 
tion of the vibrio enzyme with the virus-coated cells was definitely less than with normal cells 
but this blockade effect was not as complete as that against another strain of virus 

In another experiment not included in the Table, preliminary coating of fowl cells with 
NDV was found to block the absorption of MILB virus. Fowl cells were used in this experiment 
owing to the relatively poor susceptibility of human cells to agglutination by NDV. The titre 
of the original unabsorbed MILB stock was 140. After absorption with normal cells this fell to 
< 10, while cells coated by three treatments with NDV gave no significant absorption, the titre 
of the supernatant fluid being 120. 

Similar experiments have been made to test the interference effect when cells previously 
coated with vibrio enzyme are used for absorption of virus. These cells were prepared by sub- 
jecting 0-05 ml. lots of packed human cells to two successive treatments with 1 ml. of enzyme 
solution (5 mg. per ml.) each for 5 minutes at 0° C. They showed no further absorption in the 
standard test with 0-2 ml. of enzyme solution and were then tested for ability to absorb virus 
under the standard conditions. As indicated by the results in Table 7, the enzyme-coated cells 
did not absorb MEL virus and absorbed less SW and MILB virus than did the normal cells. 

In the course of these experiments it was noticed that if cells were only partially coated 
with vibrio enzyme they actually absorbed more virus than did normal cells. Such cells had been 
given only one treatment with 0-2 ml. of enzyme solution per 0-05 ml. of cells and were still 
capable of taking up further enzyme. In most cases the titre of virus after absorption with 
these cells was approximately half that after absorption with normal cells. For example, in a 
test with swine influenza virus carried out together with those shown in Table 7 the titre after 
absorption with partially coated cells was 30 as compared with 60 following absorption with 
norma! cells, 
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TABLE 7. 
Absorption of virus by red cells coated with vibrio enzyme at 0° C. 
MEL SW MILB 

Original titre 240 260 80 
Titre after absorption 

with human red cells: 
Coated with vibrio enzyme 240 130 35 
Normal 20 60 25 


This effect could also be demonstrated when enzyme-coated cells were used for haemagglu- 
tination titration of a virus at 4° C. After coating with enzyme the cells were made up to 1 p.c. 
suspension in chilled saline and the titrations carried out at 4° C. In one experiment with MEL 
virus, the titre was 270 with normal cells and 640 with cells partially coated with vibrio enzyme. 
With cells saturated with enzyme according to the standard procedure the same virus gave no 
agglutination at a dilution of 1 in 20. 


Panagglutinability of Red Cells Treated with Virus or Vibrio Enzyme. 


As described by Burnet, McCrea and Stone (1946) cells which have been treated with 
viruses of the influenza group develop susceptibility to agglutination by a large proportion of 
mammalian sera. This effect resembles the Thomsen phenomenon of panagglutinability in which 
products of certain bacteria, including the cholera vibrio, are capable of rendering cells similarly 
agglutinable by serum (Thompsen, 1926, Friedenrich, 1928). 

In the case of virus-treated cells, it was found that the titres obtained with human sera 
were approximately proportional to the extent of receptor damage although in the early work 
on the action of bacterial products on red cells, it had seemed probable that the two phenomena, 
production of panagglutinability and destruction of receptors, were dissociated. Using 
V. cholerae filtrates there was relatively little development of serum agglutinability in cells show- 
ing considerable receptor damage while a second organism, Friedenrich’s M strain, belonging to 
the diphtheroid group, rendered cells agglutinable by serum without detectable receptor destruc- 
tion. Further investigation has shown, however, that removal of receptors by the M bacillus can 
be demonstrated if 8-day-old broth cultures are used and the cells are treated for periods up to 
20 hours at 37° C. Furthermore, these cells give considerably higher titres with serum than the 
cells treated by younger cultures and showing no loss of receptors. 


TABLE 8. 
Serum agglutination of human red cells treated with vibrio enzyme. 


Time of treatment. 


4 hr. 
in 1 p.ec. 
Nil 15 min. 30 min. 1 hr. 2 hr. 4 hr. 24hr. citrate 
Titre with McP. Serum <10 15 20 35 50 60 80 12 


Similarly, a more detailed study with the vibrio enzyme has shown that the development of 
serum agglutinability closely parallels the progressive removal of receptors. Both effects are 
inhibited by the presence of citrate. Table 8 gives the titres with a normal human serum of 
human cells treated for varying periods with vibrio enzyme. The reactions of these cells with 
the standard series of viruses have already been given in Fig. 1. 

The activity of an enzyme preparation in rendering cells panagglutinable can be titrated in 
much the same way as the receptor-destroying activity. After incubation of the enzyme 
dilutions with the red cells for 2 hours a standard amount of human serum is added, instead of 
the standard dilution of virus, and the test is allowed to settle at 4° C. Comparative titrations on 
a number of enzyme preparations including culture filtrates, fractions precipitated with 
ammonium sulphate and fractions prepared by adsorption and elution from red cells have shown 
that the two activities run closely parallel. 

A group of 45 human sera from normal adults has been titrated with human cells previously 
treated for 2 hours at 37° C. with vibrio enzyme solution (5 mg. per ml.). The cells which were 
resistant to agglutination by all the viruses of the standard series were used in 1 p.c suspension 
and the titrations carried out at 4° C. Titres ranged from < 10 to 1,900, about 50 p.c. being in 
the range 80 to 320. Twenty of these sera, selected at random, were also tested for their power to 
agglutinate SW-virus-treated cells prepared according to the standard technique including 
stabilization with immune serum. It will be seen from the results represented in Fig. 2 that 
the distribwtions of the titres obtained with the two types of treated cells were closely parallel. 
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This development of susceptibility to serum agglutination has also been observed with ox and 
herse cells treated with virus or with the vibrio enzyme. In each case the treated cells were 
tested with sera from the homologous species. 

Three further points of similarity between cells treated by virus and by the vibrio enzyme 
may be mentioned briefly, the first concerning the cell-sensitizing agent of NDV described by 
Burnet and Anderson (1946). During the present work it was noticed that cells treated by the 
vibrio enzyme at 37° C. were no longer capable of taking up this agent and thus becoming 
sensitized to agglutination by the infectious mononucleosis serum, LOC. Dr. 8. G. Anderson of 
this Institute has made a similar observation using cells treated with SW virus. 

Recognition of the second phenomenon originated in the observation that cells which have 
been treated by the vibrio enzyme were haemolysed by fresh guinea-pig serum. Comparative 
titrations with cells treated by the viruses BEL, SW and MILB and by the vibrio enzyme have 
shown that both types of cells are lysed by fresh guinea-pig serum in dilutions up to 1 in 10. 
The fact that heating at 56° C. for 30 minutes destroys this lytic power of the serum suggests 
that it may well be a complement effect, although attempts to substantiate this have up to the 
present been unsuccessful. The results have been inconclusive owing to the difficulty of obtain- 
ing a system capable of fixing very large amounts of complement. This is necessitated by the 
fact that the lytic effect is only shown with low dilutions of serum. 

An interesting observation concerning still another action of an enzyme of V. cholerae on 
the red-cell surface has recently been made by Pickles (1947). She has found that treatment of 
Rh-positive cells with culture filtrates of this organism renders them susceptible to agglutination 
to high titre with sera containing Rh-blocking antibodies. Tests have therefore been carried out 
to determine whether this change can be induced by preparations of the receptor-destroying 
enzyme of V. cholerae and also by viruses of the influenza group. The agglutination tests were 
kindly performed by Dr. R. Jacobowicz. 


TABLE 9. 


Agglutination of red cells with undiluted serum containing Rh-blocking antibodies. 


Saline suspension of cells Suspension of normal 
Type of previously treated with cells in 
red cell. Vibrio enzyme. SW virus. Saline. Normal human serum. 
Rhy +++ ++ -- oana 


Rh negative 


Aliquots of Rh, and Rh negative human group 0 red cells were treated with vibrio enzyme 
and with swine influenza virus for 2 hours at 37° C. as described above. The cells were then 
tested in 3 p.c. suspension in saline for their capacity to agglutinate with four specimens of sera 
containing Rh-blocking antibodies. Table 9 gives the results obtained at 37° C. with one of these 
sera, those with the other three sera being essentially similar. At room temperature there was 
weak agglutination of the Rh negative treated cells also, due to the non-specific agglutinating 
effect of serum already described. It will be seen that both the vibrio enzyme and swine 
influenza virus rendered Rh positive cells susceptible to specific agglutination with Rh-blocking 
antibodies.2 


DISCUSSION. 


In this comparative study of the action of certain viruses and of an enzyme 
preparation of V. cholerae on the red-cell surface, there is a sufficiently close 
correspondence between the effects of the two types of agent to allow the conclusions, 
firstly, that essentially similar enzymes are concerned, and secondly, that the same 
surface components of the red cell are attacked. 

Hirst (1942) in his description of the adsorption and elution of influenza 
virus from fowl cells considered that the process should be regarded as enzymatic 
in character. The demonstration that except for minor details in the order in 
which virus receptors are removed, the virus action can be paralleled completely 
by the action of a soluble bacterial enzyme greatly strengthens his contention. 
Since all workers are in agreement that the haemagglutination is produced by the 
virus particles themselves, the enzyme concerned must be an intrinsic part of the 
virus surface. 





2Since submitting this paper for publication a similar observation has been reported 
independently by C. M. Chu and R. R. A. Coombs (Lancet, 1947, April 12, page 484). 
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The nature of the red-cell receptors and the significance of the linear receptor 
gradient still remain obscure. The varying position of mumps virus in the gradient 
according to the type of cell being studied and the nature of the agents used to 
reveal its position is an important difficulty in the way of any simple formulation. 

Some deductions in regard to the nature of the red-cell receptor system can 
be drawn from the demonstration of a complete blockade between two different 
strains of virus, regardless of their relative positions in the receptor gradient. 
This is incompatible with any hypothesis of specifie receptors for each type of 
virus or of spatially distinct receptors with different degrees of availability for 
the various viruses. 

One might, however, postulate a single complex receptor for all viruses of 
the group in which progressive changes resulting in increasing resistance to the 
various viruses could be brought about either by virus action or by the vibrio 
enzyme. The norma! red cell would possess a certain number of these active 
patches to which any of the viruses of the series could attach. Elution of a virus 
particle would be accompanied by some disorganization of the corresponding 
patch, possibly by the enzymatic breakdown of certain units of an organized 
molecular structure. The new configuration which resulted could be further 
attacked by viruses later in the series, but not by the earlier members. Thus, 
coating of cells in the cold with NDV blocks the attachment of MILB virus. If 
these cells are then incubated so that the NDV elutes, the receptors are rendered 
insusceptible to further attachment of NDV but are capable of adsorbing MILB 
virus. 

No explanation is apparent for the unexpected yet reproducible finding that 
cells only partially coated with vibrio enzyme absorb more virus or give a higher 
haemagglutination titre than normal cells. It may, however, be related to the 
observation that cells showing only slight receptor damage, brought about either 
by virus or by vibrio enzyme, frequently gave titres with viruses near the end of 
the receptor gradient twofold or more greater than normal cells. This effect can be 
seen in the titres of MILB virus with cells treated by the vibrio enzyme in Table 1. 

Any interpretation of the nature of these various changes in receptors must 
necessarily wait on the recognition of the chemical nature of the substrate on which 
the vibrio enzyme acts. Once the nature of the substrate is known an analysis 
of the behaviour of receptors should provide valuable information on some aspects 
of the finer structure of the red cell surface. 


SUMMARY. 


The loss of susceptibility to agglutination by the viruses of the mumps- 
influenza group which results when red cells are treated with an enzyme prepara- 
tion of Vibrio cholerae has been studied in detail using red cells from man, fowl, 
horse and ox. The sequence in which susceptibility to agglutination by the various 
viruses is destroyed by this enzyme corresponds closely with the sequence obtained 
with the action of the viruses themselves. One significant discrepancy between 
the effects of the two agents is in the ease with which the reactivity to mumps virus 
is removed from fow! or human cells. 

Red cells from which the receptors have been removed by treatment with one 
agent absorb the other agent, while adsorption of one agent on the red cells 
in the eold blocks the adsorption of the second agent. Coating of the cells with 
one type of virus blocked the adsorption of a second type. 

Both virus and the vibrio enzyme render red cells agglutinable by normal 
human sera to equivalent titres. Other parallel effects include the development of 
susceptibility to haemolysis by fresh guinea-pig serum and the development 
in Rh positive cells of capacity to agglutinate with Rh-blocking antibodies. 
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This demonstration of the close correspondence between the effects on the 
red cell of virus and of the vibrio enzyme is taken as evidence that enzymatic group- 
ings on the surface of the virus particles are concerned in the red-cell reactions. 
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Since the early observations of Theiler, Green and Viljoen (1915), it has 
been recognized that the ruminants hold a ‘peculiar position among the mam- 
mals, in that they appear to be largely independent of a dietary source of the 
vitamin B complex. The work of Bechdel, Honeywell, Dutcher and Knutsen 
(1928) strongly suggested that this was due to the symbiotic activity of the 
ruminal microflora and their conclusions have since been confirmed by the find- 
ings of McElroy and Goss (1939, 1940, 1941), McElroy and Jukes (1940), Weg- 
ner, Booth, Elvehjem and Hart (1940, 1941), and Johnson, Maynard and 
Loosli (1941). 

On the other hand, the view has been expressed that, whatever may be the 
ease with the other members of the vitamin B complex, the ruminal microflora 
do not supply significant amounts of thiamin to the host (Hunt, Kick, Bur- 
roughs, Bethke, Schalk and Gerlaugh, 1941, 1943; Lardinois, Mills, Elvehjem 
and Hart, 1944). Furthermore, there have been reports, albeit of a somewhat 
unsatisfactory nature, of syndromes involving a thiamin deficiency in the rumi- 
nant. (Bendinger and Rshanitzina, 1935; Pallaske, 1936; Dynna and Thune, 
1941). 

In an attempt to clarify the position, and as a part of a larger investiga- 
tion on certain aspects of intermediate metabolism in the sheep, a number of 
experiments on thiamin metabolism were carried out in this laboratory. 


METHODS. 


Blood samples were collected from the jugular vein and urine samples by placing experi- 
mental animals in metabolism cages similar to those described by Marston (1935). 

Blood sugar was determined by the Hagedorn-Jensen method as described by Peters and 
Van Slyke (1932). Blood thiamin was assayed by a slightly modified version of Meiklejohn’s 
method (1937). Blood pyruvic acid was determined by the method of Lu (1939,a). For 
urinary thiamin use was made of a modified thiochrome assay which was, in general, very 
similar to the method described by Wang and Harris (1939). The fluorescent solutions were 
examined through a blue filter (Wratten No. 49, maximum transmission at 455 mu). Thiamin 
in feeds and ruminal contents was determined by biological assay depending on the growth rate 
of rats, and by the chemical method of Melnick and Field (1939). 


EXPERIMENTAL PROCEDURE AND RESULTS. 


Experiment 1. Thiamin Excretion under Different Nutritional Conditions. 


Six ewes were placed in metabolism cages and fed on the laboratory stock ration consisting 
of wheaten chaff 20, oats 4 and meatmeal 2-5 parts by weight. 

Five separate samples of this ration were assayed by the method of Melnick and Field (1939) 
and found to contain, on the average, 270 Hg. of thiamin per 100 gm. as fed. 

After allowing the sheep one month in which to settle down, collection of 24-hcur urine 
samples was commenced. Sufficient coneentrated hydrochloric acid (A.R. grade) was placed 
in the collecting jars, at the start of each collection period, to ensure that the urine voided was 
maintained below pH 4 so as to minimize destruction of thiamin. 

After 22 days, during which urine samples were collected, two sheep (175 and 178) were 
fasted for 19 days. Thereafter they were fed for 27 days on a relatively high protein diet com- 
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posed of lucerne hay 60, wheat 20, protein pellets (50 : 50 meatmeal, linseed meal) 20, parts by 
weight. These sheep were then fasted again, this time for 21 days, after which they were 
icleased from the experiment, having shown no ill-effect. 

Two further sheep, W.128 and X.310, were treated in a similar manner except that the 
initial period during which urine samples were collected was limited to six days. This was 
followed by a fast of 17 days’ duration, a re-feeding period of 27 days during which they received 
a diet composed entirely of wheaten chaff, and a second starvation period of 21 days. 
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Fig. 1. Influence of dietary variation and Fig. 2. Influence of dietary variation and 
starvation upon the daily output of thiamin by starvation on the conecntration of thiamin in 
sheep 175 and 178 (above), and X.310 and the blood of sheep H.779 and K.975 (top), 
W.128 (below). H. 738 and 979 (middle), and K. 942 and K. 943 
(bottom). 


Results obtained from these four sheep are shown in Fig. 1. Thiamin excretion on the 
laboratory stock ration, though variable, was generally of the order of 1,000 wg. per day. The 
effect of fasting was to produce an immediate decline in thiamin output during the succeeding 
two weeks to the relatively low levels of 50 to 200 wg. per day. This decline was rapid at first 
put became more gradual when the rate of thiamin output had fallen below 500 ug. per day. On 
refeeding, the thiamin output increased once more, the rate of increase being gradual for 2 to 3 
days but more rapid for about a week thereafter. Thiamin output on a diet of chaff only was of 
the same order (1,000 ug. per day) as on the laboratory stock ration. On the other hand the 
sheep fed on the high protein diet showed a very large increase in their rate of thiamin excretion, 
figures in excess of 3,000 ug. per day being obtained. 

The third pair of sheep (957 and 989) after an initial period of five weeks on the stock 
ration, were offered a diet consisting only of the leaves of the Moreton Bay fig (Ficus macro- 
phylla.) This material was chosen because it represented an entirely unaccustomed food for 
the sheep, and because it was easily available. 

After a few days they readily ate the Moreton Bay fig leaves and were maintained on this 
ration for about three weeks, the daily consumption amounting te between 1,600 and 2,500 gm. 
During this time urine samples were collected and assayed for thiamin. While on the 
laboratory stock ration the daily excretion of thiamin was between 1,300 and 2,100 ug. After 
10 days on Moreton Bay fig leaves, when the figures became fairly constant, the rate of output 
was between 1,500 and 2,600 »g. thiamin per day. 
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Experiment 2. Blood Thiamin Values under Different Nutritional Conditions. 


Eight ewes, which had been maintained for some time previously on the laboratory stock 
ration, were placed in small pens and subjected to the following treatment: H.779 and K.975 
were fasted for 10 days and then returned to the stock ration; H. 738 and 979 were fasted for 
10 days and then placed on wheaten chaff for 74 days; K. 942 and K.943 were fasted for 37 
days and then fed on the following diet for 47 days: wheaten chaff autoclaved for 6 hours at 
15 lb. pressure, 3 parts, and polished rice, 1 part by weight. During the last 27 days of the 
fast these sheep received frequent intravenous injections of 10 p.c. glucose saline to stave off 
the development of ketosis and partially to meet their energy requirements, Except for a 
considerable loss of weight, these animals showed no ill-effects from this rigorous treatment. 
The fourth pair of sheep, 231 and 258, were maintained for about 13 weeks on a ration of the 
following composition. 


Wheaten chaff (autoclaved 6 hours at 15 Ib.) 51 p.e. by weight. 
Casein (washed with dilute acetic acid for 9 days) 10__—ip.e. by weight. 
Brewers yeast (autoclaved 6 hours at 15 Ib.) 7 ~p.c. by weight. 
Polished rice (autoclaved 6 hours at 15 lb.) 24-5 p.c. by weight. 
Sucrose 5 p.c. by weight. 
Ground limestone L-5 p.c. by weight. 
Sodium chloride 1 p.c. by weight. 


In addition, these two sheep each received 
30 ml. cod liver oil and 15 ml. of a salt mix- 
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ing, with either chaff or laboratory stock 
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thiamin within the experimental period (75 
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The concentration of thiamin in the biood 
of the fourth pair of sheep varied between 
7-5 and 15 ug. per ml. but showed no tendency 
to decrease in spite of the fact that these animals were fed on the thiamin-deficient ration for 
13 weeks. 


Results obtained with the eight sheep in this experiment are illustrated in Figs. 2 and 3. 


Fig. 3. Variations in the concentration of 
thiamin in the blood of sheep 231 and 258, 
maintained for 13 weeks on a diet which was 
free of thiamin but adequate in all other 
respects. 


Experiment 3. The Influence of Thyroxine on Thiamin Metabolism. 


Thyroxine increases the thiamin requirements of rats by raising the metabolic rate 
(Hendricks, 1933; Sure and Smith, 1934). Its effect is illustrated in this experiment. Four 
groups of rats were treated as follows: 


Group 1 was fed on the rat stock ration which is adcquate in thiamin. 

Group 2 received stock ration, and three injections of thyroxine, each of 1 mg., were 
administered on the 8th, 11th and 14th days of the experiment. 

Group 3 received a thiamin-deficien* ration. 

Group 4 received the thiamin-deficient ration together with injections of thyroxine as in 
Group 2. 

Both rations were fed ad libitum, and the rats were weighed at frequent intervals. The 
weight changés are shown in Fig. 4. It is apparent that thyroxine markedly accelerates the 
decline in body weight following the feeding of a thiamin-deficient diet. That this effect is due 
to an increase in the thiamin requirements of the rats is shown by the improvement which followed 
the administration of thiamin. 

A corresponding test was carried out with sheep. As blood thiamin values of sheep on a 
thiamin-deficient diet had already been observed in Experiment 2, four sheep were selected for the 
present experiment and treated as follows: Two sheep, A.310 and N.T., were maintained on 
the stock ration and each received two injections of 10 and 20 mg. thyroxine, respectively. These 
doses were considered at the time to be relatively large, the human therapeutic dose being about 
1-3 mg. but, as will be seen, their effect was slight. For this reason, the dose rate for the next 
two sheep, 111 and 210, was greatly increased and arranged so that the effect of the hormone 
would be rapidly cumulative. 
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Sheep 111 was fed on the stock ration and sheep 210 on the thiamin-deficient ration used 
in Experiment 2. 

The size of dose and frequency of administration of thyroxine, together with the variations 
in the output of thiamin in the urine, are illustrated in Figs. 5 and 6. 

The urinary thiamin levels of the two sheep (A.310 and N.T.) receiving small doses of 
thyroxine were little affected by this treatment. There was a trend to higher values following 
the injections, more especially in A. 310, and a tendency towards a decreased output of thiamin 
after this rise. The latter effect was more marked in the case of sheep N.T. in which the daily 
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Fig. 4. Body weight changes in four groups of rats. Groups 1 and 2 fed 
a thiamin-adequate diet, groups 3 and 4 fed, from the seventh day, on a 
thiamin-deficient dict. Rats in groups 2 and 4 received 1 mg. each of 
thyroxine on each of three days as indicated by arrows. Of the seven 
rats originally in group 4, two died on the twenty-third day, two more on 
the twenty-seventh and one on the thirty-second, as indicated by crosses. 
At A the remaining rats in group 4 received 1,000y of thiamin by injection, 
and at B, 5,000y each. 


The blood thiamin levels of sheep 111 and 210, which received a total of 585 mg. thyroxine 
by injection in the course of 65 days, became very erratic but showed no tendency to decrease. 
Sheep 210, which was fed on the thiamin-deficient ration, died at the end of the period of 
injections, but sheep 110 on the laboratory stock ration maintained a constant weight throughout 
the same period. Blood pyruvic acid values, determined in these two sheep, showed no constant 
trend in either direction. 


Lxperiment 4. Influence of Pregnancy on Thiamin Metabolism. 


In this experiment seven sheep, the service dates of which were known, were treated during 
the latter half of pregnancy in the following manner: Sheep C. 326 was placed in a metabolism 
cage and fed on the laboratory stock ration until a few days after she lambed. Sheep 121 and 
148 were maintained on the thiamin-deficient ration until lambing. Sheep 448, while being fed 
on the stock ration, received similar injections of thyroxine to sheep 111 and 210 in Experiment 
3 (see Fig. 6). Finally, three sheep, N.113, N.162 and N.660, were fed on the thiamin- 
deficient ration used in Experiment 2, and, in addition, receivea thyroxine by injection. 

Blood thiamin concentrations in sheep 121 and 148 increased during pregnancy, especially 
in the three weeks before parturition, when figures of 25 and 30 ug. were obtained. Urinary 
thiamin output in sheep C. 326 also showed a slight increase, a maximum value of 3,050 ug. per 
day being observed on one occasion 10 days before lambing. In spite of the double burden 
imposed by pregnancy and the injection of large doses of thyroxine, sheep 448 maintained a 
steady though gradual increase in body weight and eventually gave birth to a normal lamb. 
Blood thiamin concentrations became very erratic during the period of thyroxine treatment but 
never fel! below 10 wg. per ml. Biood pyruvie acid also was relatively constant throughout. 
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Fig. 5. Influence of thyroxine administered by 
subcutaneous injection upon the daily output of 
thiamin in the urine by sheep N.T. and A. 310. 
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Fig. 7. Variations in the concentration of 
thiamin in the blood of two pregnant sheep fed a 
thiamin-deficient diet, 148 and 121 (above) and in 
the daily output of thiamin in the urine of one 
pregnant sheep fed an adequate ration, C. 326 
(below). Sheep 148 and 121 both lambed on the 
ninetieth day of the experiment, and C. 326 on the 
hundredth day. 
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Fig. 6. Influence of frequently administered and 
increasingly large doses of thyroxine upon the concen- 
tration of thiamin in the blood and upon the body 
weight of sheep 111 (above) and 210 (below). Amount 
of thyroxine and days of administration for both sheep 
indicated by arrows in the lower graph. Sheep 111 was 
fed a thiamin-containing and 210 a thiamin-deficient 
diet. 
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Fig. 8. Influence of frequently administered and 
increasingly large doses of thyroxine upon the 
concentration of thiamin in the blood of one preg- 
nant sheep (448) fed on the laboratory stock 
ration (above) and of three pregnant sheep 
(N. 660, N.113 and N.162) fed on a thiamin- 
deficient diet (below). Body weight changes of 
sheep 448 also shown. Amount of thyroxine and 


days of administration for all four sheep are 
indicated by arrows in the lower graph. 
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On the other hand, sheep N. 113, N. 162 and N. 660 were severely affected by the treatment, 
all dying before the maximum doses of thyroxine were administered. Blood thiamin values 
declined in two sheep, but rose slightly in the third. Blood pyruvic acid levels increased some- 
what but not above the normal range. Blood sugar concentrations became very erratic in one 
case but not in the other two. Body weights decreased in all three sheep. 

The results of these tests appear in Figs. 7 and 8. 


Experiment 5. The Synthesis of Thiamin in the Rumen. 


(a) Three sheep were fed for 60 days on the thiamin-deficient ration referred to under 
Experiment 2. Their average daily consumption of this diet was 1,350 gm. The sheep were then 
killed and samples of their ruminal contents dried at room temperature and incorporated in a 
rat diet for assay. Results obtained were 100, 250 and 400 ug. per 100 gm. of dried material 
respectively. 


(b) Two sheep, which had been maintained at the laboratory on the stock ration for an 
indeterminate period, were slaughtered and their ruminal contents assayed by the method of 
Melnick and Field (1939). Results obtained were 320 and 650 ug. thiamin respectively per 
100 gm. of dry matter. Assay of the ration, as indicated in Experiment 1, showed that it 
contained about 270 ug. per 100 gm. as fed. The mean daily food intake of these sheep, for the 
fortnight preceeding slaughter, was 950 and 1,300 gm. respectively. 


DISCUSSION. 
Comparison of the Sheep with Other Animals. 


The rate of excretion of thiamin by the sheep is remarkably high. The 
average for all sheep tested was in the neighbourhood of 1,000 yg. per day, 
though occasionally, as with sheep 178 on the high protein diet, values in ex- 
cess of 3,000 ng. per day have been observed. Thiamin output in man is con- 
siderably smaller, figures reported in the literature generally ranging from 50 
to 250 wg per day. 


No other reports on the thiamin content of sheep’s urine appear to have been published and 
figures for other species are very limited in number. Friedli (1941) determined the thiamin 
excretion of nine cows and found the rate to vary between 39 and 78 ug. per 100 ml. urine. 
Twenty-one healthy cows investigated by Slezic and Asher (1941) were found to excrete from 
133 to 1,000 ug. per 100 ml. For cows in stall, values varied from 169 to 666 ug. per 100 ml., 
compared with values from 244 to 747 ug. for the cows at pasture. The average urine output 
of the sheep in our experiments was of the order of 500 ml. per day and on this basis the 
concentration of thiamin was generally about 200 wg. per 100 ml. but ranged up to 700 ug. 
The thiamin excretion of the phalanger (Trichosurus vulpecula), an animal with a large caecum, 
was found by Bolliger and Austin (1941) to range from 371 to 1,392 ug. per day. 

Similarly, the concentration of blood thiamin is higher in the sheep than in man. Goodhart 
(1941) gives the average figure for normal persons as 5-39 ug. per ml. (minimum 3-1, maximum 
9-2). The average normal value for the sheep, as determined in the experiments under discussion, 
was 13-3 wg. per ml. (S.D. = 2-36; minimum 7-5, maximum 22-5 ug.). These figures are 
based upon 32 determinations on 10 sheep, including 8 non-pregnant ewes and 2 wethers. 
Significantly lower values for blood thiamin of sheep are reported by Slezic and Asher (loc. cit.) 
namely from 3-5 to 6:4 ug. per ml. Whether or not this difference is referable to the method 
employed cannot be stated until their original publication comes to hand. 

Normal pyruvic acid conceutrations have been determined for several species. Lu (1939, b) 
reports the following figures per 100 ml.: man 0-55 mg., pigeon 0°87 mg., rat 1-09 mg., rabbit 
0-98 mg. Flock, Bollman and Mann (1938), using an older method, give 1-5 mg./100 ml. as the 
normal for the dog. Rosenberg (1942), without mentioning the source of his information, 
states that the normal human pyruvic acid level is 2-8 mg./100 ml. 

In our experiments, 11 determinations on 4 normal sheep (2 wethers and 2 non-pregnant 
ewes) yielded an average of 2-3 mg./100 ml. (S.D. = 0-60). 


The Synthesis of Thiamin in the Rumen. 


In man a daily intake of 2,900 pg. thiamin is accompanied by a daily urin- 
ary output of 290 wg. (Harris, 1938). The initial intake of thiamin in the food 
of the sheep in Experiment 1 was about 3,200 yg. per day, and these sheep 
excreted about 1,000 yg. pen day in the urine. This difference between man and 
sheep strongly suggests that thiamin is synthesized in the sheep’s rumen and the 
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results of the experiments described in this paper appear to indicate that it can 
be synthesized in quite large amounts. 


In the case of Experiment 5 (a), if it is assumed that 100 gm. of food and 100 gm. of 
ruminal material were equivalent on a dry matter basis, and that the amount of material passing 
out of the rumen each day was proportional to the food intake, then the daily production of 
thiamin in the rumen of each of these three sheep was about 1,350, 3,370 and 5,400 ug. From 
the data of McElroy and Goss (1940b and 1941) the figure of 6,930 wg. thiamin per day from 
bacterial synthesis may be calculated in the same way for Dorset Horn sheep. 

Similarly, from the results of Experiment 5 (b), it ean be shown that, after allowing for 
the thiamin content of the ration, about 470 and 4,900 ug., thiamin respectively must have been 
derived daily from ruminal synthesis in the two sheep employed. 

Neither the high protein diet nor the Moreton Bay fig leaves used in Experiment 1 were 
assayed for thiamin but approximate figures of 600 ug. and 75 wg. per 100 gm. may be caleulated 
from published tables. On the basis of their average daily food consumption and output of 
thiamin in the urine, it appears that these two groups cf sheep excreted about 2,000 and 1,400 ug. 
per day respectively, in excess of the thiamin consumed in the food. This takes no account of 
thiamin which was not absorbed from the alimentary tract or was absorbed and utilized in 
metabolism. The actual amount of thiamin synthesized in these sheep must therefore be well 
above these figures. 

Further suggestive evidence is provided by the following consideration: If the figures for 
the mean daily thiamin output of the 4 sheep in Experiment 1, during the period when they were 
fed again after fasting, are plotted on semi-log paper so that they are expressed as logarithms, 
they fall on or are closely distributed about a straight line. This represents a constant rate of 
increase, which is recognized as a characteristic feature of self-replicative processes such as 
unrestricted bacterial growth. 


Influence of Diet on Thiamin Metabolism. 


In the experiments described, seven different forms of dietary regime were 
applied to the sheep: fasting, chaff only, stock ration, high protein ration, More- 
ton Bay fig leaves only, a grossly deficient ration of autoclaved chaff and polished 
rice, and, finally, a ration which was deficient only in thiamin. 

On fasting, both blood and urinary thiamin levels decline, more especially 
the latter. The rapid fall in urinary thiamin output must be due more espe- 
cially to a decreasing activity on the part of the ruminal microflora. These 
organisms are evidently very sensitive to changes in the nature of their substrate. 

The rapid fall to a relatively constant level of blood thiamin on fasting, 
while the urinary thiamin progressively decreases, suggests that the blood thia- 
min is maintained by withdrawal of vitamin from the tissues and its stability 
is, therefore, an indication that the ‘‘stores’’ are not yet exhausted. The main- 
tenance of moderate blood thiamin levels, even after 37 days of fasting, sug- 
gests a large tissue reserve in sheep, but no doubt the low metabolic rate result- 
ing from fasting reduced the thiamin requirement. 

The failure of the blood thiamin to rise quickly on refeeding was some- 
what unexpected. The rapid increase in urinary thiamin. points to an early re- 
establishment of the ruminal flora, so that some other explanation must be 
sought. Perhaps the answer is that resaturation of the tissues is a much slower 
process than desaturation. 

The different levels of thiamin excretion shown by sheep on stock ration, chaff, and the 
high protein ration (Experiment 1) indicate that the composition of the diet has a marked 
influence upon the balance between thiamin-synthesizing and thiamin-utilizing bacteria in the 
rumen. In support of this theory are the reports by Lardinois et al. (1944), who observed an 
inerease in the ruminal synthesis of another vifamin, riboflavin, when urea was added to the 
ration, and by Wegner, ct al. (1940), who found an increased synthesis of certain B-complex 
vitamins when extra thiamin was included in the feed. Similarly the earlier observations on 
‘¢refection’’ in rats showed that this phenomenon depended on the presence of starch in the 
diet, and occurred more readily on potato starch than on rice starch. The influence of dietary 
composition upon thiamin synthesis in the alimentary tract has also been discussed by Najjar 
and Holt (1943) for man; and by Fairbanks and Krider (1944) for the ruminant. 

From the standpoint of practical nutrition, further study could profitably be directed to the 
ruminal microflora and the dietary factors favouring the thiamin-synthesizing bacteria. 
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Influence of Thyroxine on Thiamin Metabolism. 


The effect of thyroxine in increasing the thiamin needs of the body can be 
seen in the experiment carried out on rats (see Fig. 4). The fact that a thia- 
min deficiency is specifically involved seems clear on the evidence presented. 

‘che immediate result of thyroxine administration on urinary thiamin ex- 
cretion in sheep is a slight increase, due perhaps to increased rate of turn-over 
in thiamin metabolism. This is followed sooner or later by a decrease, more 
especially after the second larger dose, which is referable perhaps to the in- 
creased demands of the tissues but may also be due indirectly to the lowered 
food intake. 

In the two sheep treated with large and increasing doses of thyroxine (see 
Fig. 6) there was, to judge by the blood thiamin and pyruvic acid concentrations, 
no suggestion that the thiamin intake was inadequate for the greatly increased 
rate of metabolism. 

From these experiments it would appear that the thiamin synthesized in 
the rumen is sufficient to maintain ncrmal blood thiamin, and pyruvic acid levels 
for at least 65 days even though the metabolic rate and, therefore, the needs 
of the tissues are considerably increased. 


Influence of Pregnancy on Thiamin Metabolism. 


The increase in concentration of blood thiamin in the pregnant sheep 121 
and 148 is consistent with the larger requirements at this time, which have been 
recognized for a number of years. 

Thyroxine treatment was superimposed on pregnancy in four ewes. Of 
these, sheep 448, which was fed on the laboratory stock ration, showed remark- 
ably little effect. On the other hand, with the triple burden of pregnancy, thy- 
roxine treatment, and a thiamin-deficient diet, sheep N. 113, N. 162 and N. 660 
were apparently affected severely. It is difficult to believe that this difference 
in reaction was due entirely to the thiamin-deficient diet, though this, by dis- 
couraging bacterial synthesis in the rumen, may have been a contributing factor. 
There appears, however, to be no evidence that a thiamin deficiency was involved, 
death being due probably to exhaustion. 


SUMMARY. 


The mean concentrations of thiamin and pyruvie acid in the blood of the 
non-pregnant and untreated sheep in our experiments were respectively, 13-3 yg. 
thiamin per ml. (S.D. = 2-36; minimum 7:5, maximum 22-5) and 2-3 mg. 
pyruvie acid per 100 ml. (S.D. = 0-60). 

The amount of thiamin excreted in the urine of sheep varies greatly with 
the nature of the diet but is always much above the level of human excretion. 
Values obtained on different diets ranged from about 500 to 3,500 ne. per 24 
hours. 

Evidence is presented to show that bacteria in the rumen are capable of 
synthesizing amounts of thiamin, which are well in excess of the thiamin con- 
tent of the food or the apparent requirements of the sheep. 

The nature of the diet apnears to be the principal factor controlling the 
balance between thiamin-synthesizing and thiamin-utilizing bacteria and there- 
fore the vield of this vitamin to the sheep. 

The influence of thyroxine in increasing the thiamin requirements of rats 
and in hastening the development of a deficiency state is again confirmed. 











THE METABOLISM OF THIAMIN IN THE SHEEP 155 


Unlike rats, sheep fed on a thiamin-deficient ration and treated with very 
large doses of thyroxine failed to show any clinical or biochemical evidence 
of actual or impending thiamin deficiency. 

As in the case of other species, pregnancy appears to increase the thiamin 
requirements of the sheep. However, even when pregnant sheep received very 
large doses of thyroxine, no evidence of actual or impending thiamin-deficiency 
could be detected. 

It is concluded that, provided a preponderance of thiamin-synthesizing 
microflora is maintained in the rumen, it is most unlikely that the sheep would 
ever suffer a thiamin deficiency, in spite of extra calls being placed upon the 
thiamin metabolism of the animal. 
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Sure and Ford (1942) claimed that the urinary excretion of riboflavin from 
rats fed a thiamine free diet was from two to seven times the excretion of pair- 
fed controls receiving the same amount of riboflavin and an adequate allowance 
of thiamine. They concluded that this increased excretion was due to a great 
reduction in the efficiency of utilization of riboflavin in thiamine deficiency. 
Ferrebee and Weissman (1943) questioned this conclusion and maintained that 
the extra excretion of riboflavin was ‘‘an unspecific phenomenon of the late stages 
of thiamine deficiency related to the rapid metabolism of tissues that occurs when 
the thiamine requirements can be satisfied only by tissue loss.’’ Sure (1944, 
1945) then demonstrated that rats which suffered from a moderate degree of 
thiamine deficiency and which did not exhibit this rapid loss of weight also ex- 
ereted more riboflavin than their controls. The difference in this case, how- 
ever, was not as great as previously. 

It was considered that the subject warranted a further investigation, espe- 
cially as Slater and Morell (1946) had shown that the methods employed by 
these workers for the determination of riboflavin were not specific. 


EXPERIMENTAL. 


Methods. Weanling, male, hooded rats were used in all the experiments. The following 
diet was fed throughout: 


‘*Labco’’ casein, 18 gm.; sucrose, 72 gm.; Hubbell (1937) salt mixture, 4 gm.; oil mixture!, 
6 gm. 

10 ml. of a solution containing 5 mg. nicotinic acid; 0-5 mg. pyridoxin hydrochloride; 
4 mg. calcium pantothenate; 16 mg. inositol; 0-2 gm. choline chloride was mixed with 
each 100 gm. diet. 


Each rat was separately housed. During the periods of urine collection, metabolism cages 
of the type previously described (Slater and Kratzing, 1946) were used. At the beginning of a 
metabolism period, 1 ml. toluene was added to the Erlenmeyer flask and the cage assembled. 
After every 24 hours, the rat was temporarily removed and any faeces sticking to the funnel 
or bulb removed. The funnel was washed with 5 ml. of nearly boiling water which was allowed 
to fall dropwise through the floor of the cage on to the funnel beneath. The contents of the 
flask were transferred to an amber bottle which was kept in a refrigerator. 

Analytical Methods. In the first experiment, the method employed for riboflavin determina- 
tions was essentially the same as that employed by Sure (1944) and involved treatment of the 
urine with permanganate and the use of a hydrosulphite blank. The actual technique used was 
the same as that designated ‘‘ method three’’ by Morell and Slater (1946), who found that this 
method was nonspecific. The urines from the other experiments were analysed by the method 
of Slater and Morell (1946). ‘ 

Liver digests were prepared by grinding the liver with sand and incubating with 0-2 p.c. 
papain and 0-2 p.c. takadiastase in acetate buffer solution of pH 4-5 for 2 days. Riboflavin 
was determined on the digest by the method of Slater and Morell (1946). 





1The composition of the oil mixture was peanut oil 50 gm.; oleum vitaminatum 40 gm.; 
wheat germ oil 7 gm.; 2 methyl 1:4 napthoquinone 0-1 gm. 
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RESULTS. 
Acute Thiamine Deficiency. 

In the first experiment three pairs of litter mates were used, one rat of each pair being fed 
the thiamine free diet while the other rat served as its control and received 207 thiamine daily 
by pipette. In this experiment, the riboflavin was mixed with the food (7-2y riboflavin per gm. 
dry food) so that the food consumption regulated the riboflavin intake of the animal. The 
deficient rats were fed ad lib. while the food intake of the litter mate control was restricted 
to that of its deficient litter mate. 

The results from this experiment are showr in Table 1. 


TABLE 1. 


Influence of thiamine deficiency on urinary excretion of riboflavin. 
These urines were analysed by the method of Sure (1944). 


ist Week 2nd Week 3rd Week 
Pair. I. E. ¥ x100. Ww. E. Fx100. Ww. L E r «100. W. 
A. Deficient 195-7 25-8 13-2 10 298-5 43-8 14-7 8 162-0 94.0 58-0 —8 
Control 202-9 28-2 13-9 15 325-3 54-0 16°6 15 182-6 125-7 68-8 —9 
B. Deficient 208-1 17-6 8-5 10 236-3 36-0 15-2 6 146-6 80-7 55-1 —7 
Control 207-5 18-0 8-6 15 255-9 52-1 20-4 9 168-9 81-5 {8-3 —l 
C. Deficient 170-8 24-0 14-0 13 255-9 32-8 12-8 9 176-1 76-0 43-3 —1 
Control 175-7 17-0 9-7 13 246-1 40-2 16-3 14 186-5 71-4 38-3 —l1 
4th Week 5th Week 6th Week 
A. Deficient 43-8 48-1* 109-9 — — — —_-_ — — — —_ — 
Control 65-5 69-9* 106-8 —6 — a _-_ — — — —_ — 
B. Deficient 9-8 8-1 82-6 —2 ~- a -- — — — —_- — 
Control — os — os — _-_ — —- — —_- — 
C. Deficient 172-8 77°3 44-7 0 132-2 69-8 52-8 —6 3-2 9-2* 287-5 —2 
Control 170-2 76-3 44-8 —3 140-7 62°3 44-3 —1 6-5 36-0* 554 = 


* = incomplete week’s urine collection. I =riboflavin intake, y. E = riboflavin excreted in urine, y. 
W = increase in body weight, gm. 


The urinary excretion of riboflavin increased greatly as the experiment progressed, but 
there was no consistent difference between the excretion of the two groups. This increased 
exeretion occurred at the same time as growth ceased. The results, therefore, tend to support 
Ferrebee’s conclusion that the increased excretion was not due to thiamine deficiency, but 
resulted from the catabolism of the tissues caused by the diminished food intake. 

In a second experiment five pairs of rats were grouped as before and treated as in the 
previous experiment except that the ‘‘ paired growth’’ method was used. The thiamine and 
riboflavin were fed by pipette so that each animal received a constant daily dose of 30y riboflavin 
and the control group received 20y thiamine. 

At the end of three weeks, the animals were killed by decapitation and the riboflavin content 
of the livers determined. The results for the urine and liver analyses are shown in Tables 2 and 3 
respectively. 

The ratios of the riboflavin excretions of the deficient and control animals, rather than the 
absolute differences, were considered to be the more suitable measure for studying the treatment 
effects. The logarithms of these ratios were used in testing for significance, using analysis of 
variance; antilogarithms of the mean logarithms of ratios are the geometric means of these 
ratios. 

The evidence indicates that there is no real difference between time or pairs and on this 
assumption the pooled variance with 11 degrees of freedom is appropriate for the tests of 
significance of the effects of treatment. This is obviously not significant. The geometric mean 
ratio2 is 1-0382 with confidence limits at the 5 p.c. level of -8638, 1-2478. 

As in the previous experiment, the urinary excretion of riboflavin increased as the deficiency 
developed. It is noticeable that the pair of animals which had the least weight loss in the third 
week also excreted the least amount of riboflavin. 





2The results from pair B were omitted from those caleulations as this pair died before the 
end of the third week. 
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lst Week. 
a E , 
E. i x100. W. R. I, 
44-8 21- 11 210 
1-5943 
28-1 13- 1l 210 
40-4 19-2 1l 210 
0 +6852 
48-8 23-3 12 210 
33-3 15-9 16 210 
0-6853 
48-6 23-2 13 210 
48-8 23 11 210 
1-3083 
37°3 17 10 210 
46-9 22 9 210 
1-3794 
34-0 16-2 12 210 
TABLE 2 (Continued). 
3rd Week. 
Pair. a E. * 100. Ww. 
A. Deficient 210 149-3 71-0 —7 
Control 210 135-0 64-3 —8 
B. Deficient 120 56-1* 46-8 5 
Control 120 101-7* 84-6 —8s 
C. Deficient 210 66-6 31-7 —2 
Control 210 60-5 28-8 —_ 
D. Deficient 210 133-2 63-4 — 
Control 210 146-7 69-8 —6 
E. Deficient 210 142-5 67-8 --4 
Control 210 157-6 75-0 —7 


* == incomplete week’s urine collection. 
intake, y. E = riboflavin excreted in urine, y. 


tion by deficient animal to excretion by control animal. 


TABLE 2. 
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These urines were analysed by the method of Slater and Morell (1946). 
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0-8424 


0-7195 


0-7202 


0-8394 


1-5612 


There was no statistically significant difference between the two groups in respect to liver 
weight, total riboflavin in the liver or in the riboflavin content of the liver, expressed as y/gm. 
fresh liver. There was a highly significant positive correlation (coefficient of correlation 0-824) 
between the total urinary excretion of riboflavin over the experimental period and the riboflavin 
content per gm. of liver. 
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TABLE 3. 


Liver riboflavin content of animals after 3 weeks’ thiamine deficient diet. 


Liver weight Total Riboflavin 
Body weight as p.c. of riboflavin content 
Pair. atkilling. Liver weight. body weight. in liver. of liver. 
gm. gm. ¥- _/gm. 
A. Deficient 50 2-37 4-74 74-8 31°6 
Control 50 2-04 4-08 60-4 29-6 
C. Deficient 52 2-20 4-23 64°4 29-3 
Control 54 2-29 4-24 66-8 29-2 
D. Deficient 43 1-98 4-61 63-7 32°2 
Control 41 1-51 3-68 51-1 33-9 
E. Deficient 38 1-80 4-74 72-2 40-1 
Control 37 1-24 3°35 33-0 26-6 


Chronic Thiamine Deficiency. 


For this experiment five pairs of animals were taken. The treatment here differed from 
that of the last experiment in that the deficient group was given sufficient thiamine to allow the 
animals to stay alive for over three hundred days The deficient group received 47 thiamine and 
307 riboflavin and the control group 207 thiamine and 30y riboflavin by pipette for six days 
every week. After 82 days, a five day metabolism period was run. A second period of ten days 
was commenced on the 153rd day. The results are shown in Table 4. 


TABLE 4. 


The excretion of riboflavin from chronic thiamine deficient rats, 


First period. Second period. 

Pair. i. E. r X 100. W. R. Z. E. ¥ x 100. W. R. 

A. Deficient 150 73-1 48-8 8 300 89-8 30-0 1 
1-080 2-074 

Control 150 67-7 45-2 8 300 43-3 14-5 5 

B. Deficient 150 73-6 49-2 3 300 103-8 34-6 3 
1-241 0-728 

Control 150 §=59°3 39°54 300 142-6 47:5 —2 

C. Deficient 150 94-3 62-9 7 300 111-8 37-3 20 
1-407 1-517 

Control 150 67-0 44-7 5 300 73°7 24-6 13 

B. Deficient 150 67-7 45-1 5 300 =120-2 40-1 3 
0-814 1-567 

Control 150 83-2 55:5 4 300 76-7 25:6 14 

E. Deficient 150 72-3 48-2 7 300 «6163-5 = 545 1 
1-045 1-895 

Control 150 69-2 46-2 4 300 86-3 28-8 —6 


IT = riboflavin intake, y; E = riboflavin excreted in urine, y; W = increase in body weight, 
gm.; R = ratio of riboflavin excretion by deficient animal to excretion by control animal. 


There was a slightly greater excretion (amounting to 8 p.c. of the control group) in the 
deficient group during the first metabolism period. There was also a greater excretion by the 
deficient group (amounting to 38 p.c. of that of the control group) during the second period. 
However, the statistical significance of these differences were only P = 0-4 and 0-1 respectively, 
When the results for the two periods are pooled, the analysis of variance again indicates that 
there is no real difference between periods or pairs. The ratio of the mean square for treatment 
to the pooled estimate of error with 9 degrees of freedom is 4-85, almost significant at P = -05. 
The geometric mean ratio is 1:2692 with confidence limits at the 5 p.c. level of -9938, 1-6208. 
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DISCUSSION. 


The above results show that thiamine deficiency, when accompanied by losses 
in body weight, causes an increased urinary excretion of riboflavin. However, 
control animals which had received adequate amounts of thiamine but whose 
change in body weights corresponded to those of the deficient animals, also showed 
similar increases in excretion when undergoing a loss in weight. The increased 
riboflavin excretion from the acute thiamine deficient animals was at no time 
significantly different from that of the control animals, and the onset of the in- 
creased excretion began when the body weight of the animals was beginning to 
fall. That this increased excretion was not a result of a change in the intestinal 
flora, with consequently increased production of riboflavin, available to the ani- 
mal, was shown in a preliminary experiment (not mentioned previously in this 
paper) in which one group was fed 1 p.c. succinyl-sulphathiazole to inhibit bac- 
terial growth. As the thiamine deficiency became worse, this group showed in- 
creases in riboflavin excretion similar to these described here. 

Sure and Ford’s (1942) great differences of two to sevenfold between the 
amounts of riboflavin excreted by the thiamine deficient and the pair fed control 
animals could not be confirmed. The acute thiamine deficiency experiments 
described in this paper give no evidence that thiamine deficient rats excrete more 
riboflavin than the controls. The second experiment has shown that if any such 
difference in excretion does occur the upper confidence limit at the 5 p.c. level 
corresponds to an increase of only 24 p.c. of the riboflavin excreted bv a control 
receiving thiamine. 

This result was obtained from an experiment in which the weights of the 
compared animals were kept as close as possible so as to eliminate any changes in 
excretion dud to losses of riboflavin from body stores. Even when Sure’s method 
of experimentation and analytical method was used, his results could not be ob- 
tained. 

Sure (1945) has reported that animals kept on a diet providing 2—4y thia- 
mine daily and which were actually slightly increasing in weight over the meta- 
bolism period, excreted two to three times the amount of riboflavin of the control 
litter mates receiving adequate amounts of thiamine. Sure’s animals had an 
initial depletion period of between 170-200 days but others, which had been on 
a thiamine intake of between 2 and 4y for over 70 days and which had only very 
minor fluctuations in their body weights during the metabolism period, also ex- 
ereted double the amount of riboflavin of the control group. 

In the chronic thiamine deficiency experiment an increase in the excretion 
of the deficient group did occur, significant close to the 5 p.c. level. Allowing for 
the individual variation between the results of different rats, the upper confidence 
limit at 5 p.ec. corresponds to an increase of 62 p.c. excretion by the deficient 
group relative to the control. Although the results from the acute thiamine de- 
ficiency experiments agree with those of Ferrebee and Weissman (1943), who 
claimed that ‘‘an increased excretion of riboflavin is not observed in the earlier 
stages of thiamine deficiency before weight loss is prominent,’’ the results of the 
chronic experiment tend to support those of Sure. The deficient animals which 
were suffering from a chronic thiamine deficiency, as a group, excreted more ribo- 
flavin than their controls on the same riboflavin intake. In view of the statistical 
significance between the riboflavin excretion of the two groups, this would strongly 
suggest that in chronic deficiency a physiological change in the ways of riboflavin 
utilization has occurred. 

Ferrebee and Weissman found the concentration of riboflavin in the liver of 
their deficient animals, expressed as y/gm. of fresh tissue, to be suggestively 
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higher than the level in the livers of the control animals receiving thiamine. A 
similar result was obtained by Singher et al. (1944), who used weanling rats in 
contrast to the adult animals used by Ferrebee and Weissman. Sure has criti- 
cized the method of calculating the riboflavin conitent of tissues as y/gm.; he 
recommends that the total content of the tissue should be given so that a true pic- 
ture of the vitamin content of an animal may be seen. He stresses that either 
the shrinkage of a particular tissue, e.g. muscle in thiamine deficiency, or the 
changes in body weight between the deficient and control animal are enough to 
distort the importance placed on results expressed on unit weight of tissue. When 
the riboflavin content of the whole liver is considered, little difference between 
the content of both groups was noted (Sure, 1945). In this study the results ‘of 
the liver analyses show no significant difference in the riboflavin content of the 
livers from the thiamine deficient and the control animals. 


SUMMARY. 


In acute thiamine deficiency the increased excretion of riboflavin occurs at 
the same time as loss of body weight. Animals receiving adequate amounts of 
thiamine, but which were losing weight through an insufficient food intake, had 
increased excretions of riboflavin similar to the deficient animals. In chronic 
thiamine deficiency there was a 25 p.c. increase in riboflavin excretion by the defi- 
cient animals when compared to litter mate controls. No significant differences 
eould be shown in the riboflavin content of the liver from thiamine deficient ani- 
mals and those receiving thiamine. 


Acknowledgment. The author is indebted to Mr. G. A. McIntyre of the Council for 
Scientific and Industrial Research for some of the statistical analysis presented in this paper. 
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Burnet and Anderson (1946) have shown recently that human or fowl red 
cells treated with fluids from chick embryos infected with Neweastle disease virus 
(NDV) become, after stabilization, specifically susceptible to agglutination by 
NDV immune sera, and by sera from a majority of cases of infectious monont- 
cleosis. The present work has developed from an attempt to study this pheno- 
menon in more detail. It soon appeared that the action of NDV on the red cell 
was a complex one, and it will be desirable to present a brief summary of the 
position before describing the experimental work in detail. 

When NDV in the form of infected embryonic fluid is added to red cells, 
adsorption of virus and agglutination of the cells occurs but, particularly at 
37° C., this agglutination soon disappears. The cells become stable and much of 
the haemagglutinin is found free in the supernatant fluid. The red cells, how- 
ever, have been changed in important respects from the normal. They are in- 
susceptible to agglutination by the viruses of mumps and Neweastle disease, and 
are only weakly agglutinated by certain influenza A virus strains, though still 
fully susceptible to others, such as swine influenza and most influenza B strains. 
They are nonspecifically agglutinated to low titre by most human and animal 
sera, and are specifically agglutinated both by anti-NDV animal sera, and by 
sera from most cases of infectious mononucleosis. This specific susceptibility to 
agglutination was ascribed in the previous paper to the existence of a cell sen- 
sitizing agent (CSA) on the red cel! surface. Much of the present work is con- 
cerned with the nature of CSA, and of the two types of antibody which react 
with it. 

A further characteristic of the treated cells is their capacity when mixed 
with an excess of normal cells to cause agglutination of the mixture. This phe- 
nomenon which has not been described previously, is due probably to the CSA, 
but it seemed advisable to ascribe it non-committally to an agglutinin on stable 
cells (ASC). 

A marked feature of agglutination of normal cells by NDV is the increase 
in titre which occurs during prolonged exposure of the mixture to a temperature 
of 37° C., and an attempt is made to bring this phenomenon into relationship 
with the other manifestations of the reaction between virus and red cell. 





1This work was supported by a grant from the National Health and Medical Research 
Council. 
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MATERIALS AND METHODS. 
Virus strains. 


Newcastle Disease Virus (NDV). An Australian strain isolated by Albiston and Gorrie 
(1942). 

Swine Influenza Virus (Sw). Shope’s strain 15. 

MEL. Melbourne strain of influenza A isolated in 1935. 

MILB. A strain of B type influenza virus isolated in 1945. 


These viruses were all grown in fertile hen eggs, and were used in the form of infected 
allantoic fluid; in the case of NDV, amniotic fluid was used frequently. 


Saline. 
Saline used was physiologically normal sodium chloride solution. 
Red Cells. 


Red cells were used in 2 p.c. suspension in normal saline. In order to avoid possible effects 
of citrate, both human and fowl cells were prepared by defibrination of freshly collected blood, 
and repeated washing of the cells in normal saline. 


Cells Rendered Stable by the Action of NDV. 


These have been described in the previous paper. Cells were treated with allantoic fluid NDV 
at 37° C, until the cells were stable after being washed in saline. They were suspended as 2 p.c. 
in normal saline, and have been designated NDV—H and NDV—F according to their origin in 
human or fowl. 


Receptor Destroying Enzyme (R.D.E.). 


R.D.E. was prepared in the following manner from a Seitz filtrate of a broth culture of 
V. cholerae. The filtrate was half saturated with ammonium sulphate at 0° C., the precipitate 
was recovered by centrifugation, washed, and dissolved in a minimal amount of normal saline. 
This solution was dialyzed at 0° C. against distilled water, insoluble material removed by 
centrifugation and the supernatant fluid taken off and dried in vacuo. 

The properties of R.D.E. have been described fully elsewhere (Stone, 1947). 


Serum LOC. 


This was described in the previous paper (Burnet and Anderson, 1946). It was obtained 
from a patient convalescent from infectious mononucleosis, and was found to agglutinate 
NDV — H eells to a dilution of 1 : 16,000. 


Animal Sera. 


Animals were given two intramuscular injections of virus at an interval of two weeks. The 
first injection was of virus inactivated with 0-5 p.c. formalin for 16 hours at 37° C., and the 
second of active virus. The sera most used were R139 from a rabbit and F4 from a young 
cockerel. 


Haemagglutinin Titres. 


These were estimated by making doubling dilutions of virus in volumes of 0-25 ec. of normal 
saline, and adding an equal volume of 2 p.c. suspension of washed red cells to each tube. The 
endpoint was read by observing the pattern of cells on the bottoms of the tubes. The method 
has been described more fully by Burnet (1945, a). 


Titration of Cell Sensitizing Agent. 


Titrations to determine the amount of cell sensitizing agent (CSA) in infected fluids were 
made originally with the infectious mononucleosis serum LOC, but difficulties were frequently 
encountered owing to virus agglutination by the higher dilutions of infected fluid. This difficulty 
was avoided by the use of NDV—immune rabbit or fowl sera in place of LOC, and all titrations 
of CSA reported, have been made with such sera by the following technique. 

Serial dilutions of virus-containing fluid were prepared; 2 p.c. red cells were added and 
the series of tubes held at 37° C. for two hours, when tubes containing more than 10 agglutinating 
doses of virus had become stable, while tubes containing 10 agglutinating doses or less still 
showed virus agglutination of red cells. The immune serum was added to these at a convenient 
dilution which in the case of R139 was 1 : 400. In this way, the nonspecific serum agglutination 
of virus-treated red cells was avoided while the concentration of serum used was sufficient to 
inhibit the residual agglutination by NDV of any cells still sensitive to its action. The anti- 
CSA agglutinin in the serum caused specifie agglutination of those cells containing sufficient 
CSA. The endpoint so read was well defined and corresponded with that obtained by the use 
of LOC. It is immaterial whether the cells which have been heated for 2 hours at 37° C. are or 
are not washed before the addition of immune animal serum. In the experiments reported the 
original supernatant was not removed before the serum was added. 
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Titration of Anti-CSA Agglutinin in Serum. 

This was performed in the following manner. Serial dilutions of serum were made in saline 
and an equal volume of 2 p.c. NDV—H cells added. The endpoint of partial agglutination 
was read after the tubes had stood at 20° C. for forty minutes. 


Centrifugation at 15,000 r.p.m. 

Infected fluid, from either the amniotic or the allantoic cavity was spun at 2,000 r.p.m. 
to remove coarse particles. The supernatant from this was centrifuged at 15,000 r.p.m. for 
sixty minutes in tubes holding 0-8 cc. and of internal diameter 0-5 em. 


THE CHARACTERISTICS OF CELLS STABILIZED BY NDV. 


A Comparison of the Titres of Haemagglutinin and of Cell Sensitizing Agent in Virus 

Preparations. 

Embryonic fluids infected with NDV were titrated at 37° C. for their content of haemag- 
giutinin (HA) and of cell sensitizing agent (CSA). Table 1 provides representative results. 
It was found that the titres of haemagglutinin and CSA for human cells and the titre of CSA 
for fowl cells corresponded closely for any particular fluid, but were in general ten times higher 
in amniotic fluids than in allantoic fluids. The haemagglutinin titres against fowl cells were 
considerably in excess of the CSA titres for fowl cells, this excess was greater with allantoic 
than with amniotic fluid. 


TABLE 1. 
Relation of titres of haemagglutinin (HA) and cell sensitizing agent (CSA) in untreated 
embryonic fluids. 
Haemagglutinin. 


Estimations with fowl cells 211. Estimations with human cells, Titre against 


: . HA titre. ; ca ass... HAtitre fowl cells /titre 
HA titre. CSA titre. GSA titre. HA titre. CSA titre. GSA titre. against human cells. 

Amniotic Fluids. 

A. 7,500 1,600 4-7 1,000 1,000 1-0 7-5 

B. 2,400 400 6-0 400 220 1-8 6 

C. 7,000 1,000 7-0 1,200 1,000 1-2 6 

D. 3,600 450 8-0 450 400 1-1 8 
Allantoic Fluids. 

E. 1,280 60 21 36 45 0-8 36 

F. 960 60 16 45 40 1-1 21 

G. 2,000 160 12-5 160 120 1-3 12°5 

H. 1,000 140 7 64 50 1-3 16 


Haemagglutinin titres were determined at 37° C. For method of titration of CSA, see text. 


Amniotic fluid containing NDV was centrifuged at 15,000 r.p.m. for sixty minutes. The 
upper one-third of the supernatant fluid was removed and examined; it is referred to as the 
‘*upper one-third.’’ The remainder of the fluid in the tube was discarded. A compact deposit 
was obtained. The surface of this deposit was washed gently with saline, and the whole deposit 
resuspended in saline to the volume of the original amniotic fluid (0-8 ec.) ; in this manner a 
slightly turbid solution was obtained. The fluids mentioned were titrated with human cells for 
their content of haemagglutinin and CSA. The haemagglutinin titres determined at 37° C. and 
the ratios between the values for the upper one-third, deposit and original fluid, corresponded 
closely with the figures for CSA (Table 2). A similar correspondence was not found with the 
haemagglutinin titres as estimated at 4° C.; this point will be considered later. 


TABLE 2. 


Titres of haemagglutinin and cell sensitizing agent (CSA) in products of centrifugation of 
amniotic fluid containing NDV. 


Titre of Haemagglutinin. 


Titrated Titrated Titre of 37°C. 
at 4° C. at37°C. Titreat4°C. Titre of CSA. 
Original amniotic fluid 140 320 2-3 300 
Upper 1/3 from centrifugation 120 130 i+] 120 
Deposit from centrifugation 20 250 12-5 200 


Amniotic fluid containing NDV was centrifuged at 15,000 r.p.m. for sixty minutes. 
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Preparations of virus in dialyzed allantoic fluid were treated with ultra-violet light in such 
a manner as partially to destroy haemagglutinin. The destruction of the cell sensitizing agent 
was effected at the same rate. Treatment by formalin induced a similar parallel reduction in 
the titres of the two agents, the haemagglutinin titres being estimated at 37°C. in both 
experiments. 


«tgglutinin on Stable Cells (ASC). 


If the cell sensitizing agent in virus-containing fluids is sedimented at much the same rate 
as haemagglutinin, the simplest hypothesis is to assume that virus particles are concerned in both 
phenomena. If so the stable cells might be expected to agglutinate untreated cells, the absorbed 
and retained virus particles acting as a ‘‘ bridge’’ in the usual fashion. It was found that such 
stable cells were capable of causing agglutination of fresh red cells, and that the agglutinin 
on these stable cells could be titrated by a method similar to that used for titration of virus 
haemagglutinin. 

NDV—H eells were washed and suspended as 2 p.e. in saline. Serial doubling dilutions 
of this suspension were prepared, commencing 1 : 2, in 0-25 ee. of saline and an equal volume of 
2 p.e. fresh red cells was added to each tube. The tubes were set aside at 20° C. for forty 
minutes by which time the cells had settled to form a pattern similar to that produced by virus 
haemagglutinin, The endpoint of partial agglutination was not so definite but could be 
estimated with a fair degree of accuracy: 2 p.c. human cells which had been stabilized by an 
excess of NDV, and washed, agglutinated fresh human cells to a titre of 1: 32 and fowl cells to 
1:48 or 1:64. Stable NDV—F cells similarly acted as an agglutinin, with an endpoint at. 
1 : 48 for human cells and 1 : 96 for fowl cells. It should be noted that if prolonged contact 
between the lower dilutions of treated cells and the normal cells were allowed at 37° C. the same 
type of stabilization occurred as is seen in a normal NDV haemagglutinin titration. 

When many samples of stable cells were titrated, the endpoints varied little from the figures 
given above, and were not related to the titres of the samples of virus used originally to stabilize 
the cells, provided these contained more than twenty agglutinating doses of virus haemagglutinin. 

It was desirable to exclude the possibility that agglutination by stable cells might be due to 
nonspecific damaging of the cells. The action of the receptor destroying enzyme of the cholera 
vibrio parallels in most respects the action of virus on the red cell as described by Stone (1947). 
Cells were subjected to various periods of treatment by R.D. enzyme so that the damage to 
receptors on the cells was similar to that produced when cells were stabilized by the virus of 
mumps, by NDV, and by similar viruses of the influenza group, according to the procedure 
described by Burnet (1945, b). None of these cell preparations showed haemagglutinating 
properties when washed free of R.D. enzyme. 

All experiments have indicated that agglutination by stable cells is due to the relatively 
firm adsorption on the surface of the stable cell of NDV particles. These particles differ from 
those which show typical adsorption and elution in being relatively unable to initiate the elution 
process. It is not excluded that there may be on the red cell certain ‘‘receptors’’ which are 
more susceptible to the eluting action than others but the important difference seems to reside 
in the virus particles rather than in the receptors. 

Experimental findings in support of this interpretation are as follows: 


Coated cells thoroughly washed, retain infectivity for chick embryos. NDV—H cells were 
prepared, and washed five times by suspension as 0-25 p.c. in saline at 20° C., and centrifugation. 
The cells were then suspended as 2 p.c. in saline. From this 2 p.c. suspension, falling tenfold 
dilutions were prepared in broth. Eleven day old chick embryos in batches of eight were 
inoculated into the allantoic cavity with each dilution. After three days’ incubation, the 
allantoie fluids were harvested, and tested for haemagglutinin. It was found that this suspension 
of NDV—H eells with a haemagglutinin endpoint of ASC at 1 : 32, caused 50 p.c. infection of 
eight eggs at a dilution of 10—. A comparative titration of NDV amniotic fluid of similar 
haemagglutinin content at 37°C. gave a 50 p.ec. infective endpoint at a dilution of 10—* in 
similar circumstances. 

The inoculum of stable cells used for each egg was 0-05 ee. This volume of the endpoint 
dilution of 10— was calculated to contain on the average 100 red cells. It may appear inconsis- 
tent, if virus haemagglutinin is identical with agglutinin on stable cells, that the infectivity of 
these cells is so much less than that of fresh virus of corresponding haemagglutinin titre. It 
is possible that the firmness of the union of retained haemagglutinin and stabilized red cell, 
demonstrated in other ways, may modify the ability of the attached virus to reach suitable tissue 
of the host into which the infective red cell is injected; or, in view of the hypothesis developed 
later in this paper, it may be that the separation of the single particle from a virus aggregate 
is associated with some degree of reduction of the infectivity of the single particle. Burnet 
(1945, a) indicated a possible distinction between haemagglutinin and infectivity in NDV; it 
is inferred from his figures that the smailest particles of NDV were haemagglutinating but not 
comparably infective. 
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Agglutinin on stable cells is neutralized by immune NDV sera, the serum titres correspond- 
ing closely with the direct anti-haemagglutinin titres. When NDV immune serum was added to 
NDV—H eells suspended in any concentration in saline, the cells were agglutinated. When 
NDV—H eells with a haemagglutinin titre of 32 with human cells, were diluted 1 : 6 in 2 p.e. 
fresh human cells, agglutination occurred. However, this agglutination was inhibited by suitable 
concentrations of NDV immune serum. It was convenient, then, to use the 1: 6 dilution of 
NDV—H eells in human eells to titrate anti-ASC antibody, in the same manner as five 
agglutinating doses of virus is used to titrate anti-haemagglutinin antibody. 

The anti-ASC titre of each of seven human sera, with no history of infectious mon- 
nucleosis, was less than 20; similar results were obtained with a rabbit serum and with a ferret 
serum, the animal in each case having been immunized against influenza virus ‘‘MEL.’’ The 
corresponding titre of LOC serum was < 100. When NDV—immune sera were examined, a high 
titre of anti-ASC antibody was found; in the case of Fowl 4, 900, and with Rabbit 139, 4,000. 
The anti-haemagglutinin titres of these two sera were 1,920 and 6,000 respectively, with human 
cells. 

Cells from which NDV receptors have been removed are incapable of taking up ASC. It was 
demonstrated that NDV—H cells would not agglutinate human cells on which NDV receptors 
had been destroyed. In one such experiment, cells were treated with MIL B virus which occurs at 
the end of the series described by Burnet (1945, b) and stabilized by the addition of MIL B 
antiserum. These cells, which were stable in the presence cf NDV haemagglutinin were stable 
also in the presence of NDV—H cells. 

Equally, fresh human cells, after destruction of their NDV receptors by influenza virus (Sw) 
or by R.D. enzyme, were found not to absorb any detectable virus element from a fresh solution 
of NDV over a period of two hours at 37° C. 

After interaction between stable and normal cells, evidence can be obtained of transfer of 
the agglutinin originally on the stable cells to some normal cells. The following experiment 
indicates that the agglutinin held on the surface of washed, stable NDV—H cells could be trans- 
ferred to fresh fowl red cells although no free haemagglutinin is eluted from the former in the 
absence of normal cells. 

(a) NDV—H cells were prepared and washed. In 2 p.c. suspension they agglutinated fow! 
cells to a titre of 1: 48. 

0-5 ec. of these stable cells was mixed with 2-5 ec. of a 2 p.c. suspension of fowl cells. The 
mixture was held at 37° C. for three hours, when stabilization was nearly complete. The cells 
were washed twice in saline, resuspended in 3-0 ce. of saline, and 2-5 ec. of 2 p.c. fresh fowl cells 
was added. The cell suspension was immediately diluted 1 : 20 in normal saline and a drop 
examined microscopically. 275 fowl cells were counted in six fields. Clumps of two or three cells 
were frequently seen; in these clumps, there was a total of 13 linkages between human cell and 
fow] cell, and 16 linkages between fowl cell and fowl cell. 

(b) In parallel with this experiment, 0-5 cc. of a solution of virus haemagglutinin of titre 
50 with fowl cells was substituted for the 0-5 ce. of NDV—H eells. 

The fowl cells were stable at the end of three hours at 37° C. Among 287 fowl cells counted 
in 11 fields, there were 71 fowl cell linkages. 

(ec) 0-5 ec. of NDV—H eells incubated with 2-5 ec. of saline under similar circumstances 
provided a supernatant that did not cause any microscopic agglutination of fresh fowl cells. 


The Elution of the Cell Sensitizing Agent. 


An earlier impression was that CSA would not elute from washed red cells which had 
adsorbed virus, and this was considered to indicate that CSA and haemagglutinin were distinct 
entities. The following experiment indicates the conditions under which the eluate from washed 
red cells, when used to stabilize fresh red cells, will leave on the latter CSA and retained 
haemagglutinin (ASC). 

A virus preparation was adsorbed by red cells, which were then washed and eluted into 
saline until stable. The eluate was repeatedly used in this manner to stabilize successive samples 
of red cells. The first three red cell preparations actively agglutinated fresh cells; they were 
aiso susceptible to agglutination by NDV immune serum cr by LOC serum. The fourth and 
fifth preparations of red cells had achieved stability more slowly than the earlier batches; when 
stable they retained no haemagglutinin (ASC) nor were they sensitive to CSA agglutinin. In 
amplification of this finding, it was noted throughout this work that a batch of stable cells was 
susceptible to agglutination by NDV immune serum if the titre of their power to agglutinate 
normal cells was 1 : 3 or greater, but not otherwise. 

Furthermore, it may be noted that the virus composing the fourth and fifth eluates was 
distinguished by its ability to elute completely during the course of stabilization by it of red 
cells: no detectable virus elements remained on the red cells nor was there any increase in apparent 
titre of this completely eluting virus preparation between 4° C. and 37°C. This result provides 
fairly direct evidence for the existence of differences between the eluting powers of the units in 
a preparation of NDV. 

One interpretation of the above experiment is considered more fully in the final discussion. 
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The Action of Receptor Destroying Agents on Stabilized Cells. 


Stable NDV—H cells were prepared from fresh human cells and NDV amniotic fluid 
which had been harvested recently. The cells were found to be susceptible to agglutination by 
immune NDV serum in high dilution, and were noted to contain 32 agglutinating doses of 
retained haemagglutinin. These cells, and a parallel preparation of normal human cells were 
suspended as 2 p.c. in saline and an equal volume of a preparation of influenza virus (Sw) with 
a titre of 240 with 2 p.c. human cells, was added to each cell suspension. The tubes were held 
at 37°C. Samples were examined from each tube at intervals during the course of two hours. 
The cells removed in each sample were washed and tested against ten agglutinating doses of each 
of tho viruses in the series described by Burnet (1945, b). The rates of destruction of receptors 
were found to be parallel with human and with NDV—H eells, and at the end of 2 hours, all 
receptors except those corresponding to Sw and MIL B, had been destroyed. The swine-treated 
NDV—H eells retained their content of haemagglutinin (ASC) and cell sensitizing agent, 
however, apparently in undiminished titre. 

It has been shown elsewhere (Stone, 1947) that R.D. enzyme from V. cholerae will destroy 
completely the virus receptors on cells and that such cells are stable in the presence of ten 
agglutinating doses of any of the haemagglutinating viruses available in this laboratory. This 
R.D. enzyme was allowed to act in parallel on human cells and on NDV—H cells so as to complete 
the above receptor destroying action. As in the case of the action of Sw virus, this treatment 
by R.D. enzyme did not diminish the titre of the retained haemagglutinin of the NDV—H cells, 
nor affect the susceptibility of these cells to agglutination by NDV immune serum. 


EVIDENCE FOR THE EXISTENCE OF AGGREGATES OF VIRUS PARTICLES IN 
NDV FLUIDS. 


Increase in Apparent Titre of NDV Haemagglutinin. 


In the previous paper it was stated that in a titration of the haemagglutinin of NDV in 
amniotic fluid, the endpoint of agglutination of human red cells moved outwards approximately 
one tube between two consecutive readings made at 37°C. This phenomenon has been seen 
repeatedly. The increase in apparent haemagglutinin titre of a preparation of NDV was magni- 
fied if after the titration was performed at 4° C. two successive readings were made at 37° C. 
Table 3 exemplifies the result. The increase in apparent titre was six-fold, and this enhanced 
titre persisted almost unchanged when the tubes were shaken and allowed to settle again at 4° C. 


TABLE 3. 
Successive readings of the haemagglutinin titres of NDV, using human red cells. 


Temperature Haemagglutinin 


of test. titre. 1:40 1:80 1: 160 1: 320 1:640 1:1,280 
0° C. 160 ++ +4 +4. — si — 

37° C. 640 + => ++ ++ + 

37° C. 960 _ = a aoe a+ + 
0° Cc. 800 — + t+ ++ ++ saa 


The increase was more rapid at higher temperatures; at 4° C. no change was noted, at 20° C. 
the increase was slow, at 37° C. the titre rose rapidly at first and then more slowly to reach a 
maximum after several hours. The same general phenomenon occurred with either amniotic or 
allantoic fluid in the agglutination of either human or few! cells. 


TABLE 4. 
Increase in apparent titre of haemagglutinin (HA} of virus after adsorption on to human. 
red cells. 
(a) (b) (ec) 
Temperature. HA titre. Temperature. HA titre. Temperature. HA titre. 
20° C. 250 20° C. 250 4° C. 250 
Cells washed. Cells washed. 
20° C. 500 20° C. 750 a 250 
37° C. 1,500 37° C. 2,000 37° C. 1,000 


See text for explanation of Table. 
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The development of a higher haemagglutination endpoint occurred only in the presence of 
whole or lysed red cells. Virus heated alone, either undiluted or set out in doubling dilutions in 
saline did not exhibit a change in haemagglutinin titre. However, when virus was heated, for 
two hours at 37° C., in the presence of lysed red cells, the resulting fluid, which could be titrated 
readily, showed an endpoint at 4° C. comparable with that obtained in the second successive 
reading at 37° C. of the Hirst titration of the original NDV. 

Experiments exemplified by that reported in Table 4 were undertaken to determine whether 
this increase in apparent titre was due to a slow increase in the amount of virus adsorbed, from 
solution, on to red cells. The results support the alternate view that at a lower temperature red 
cells absorb practically all the virus from a dilute solution, and that this adsorbed virus does not 
attain full power to induce haemagglutination until it has been held at 37° C. in contact with 
the red cell. 

One sample of NDV in amniotic fluid was set out in doubling dilutions in three identical 
series and a 2 p.c. suspension of human red cells was added to each tube. The series are repre- 
sented separately in columns (a), (b) and (c) of Table 4. In column (a) the endpoints were 
obtained simply by reshaking the tubes at the temperature shown. In columns (b) and (c) the 
-— -_ — after the first reading had been noted, and resuspended to the original volume 
in fresh saline. 


Dissociation of Virus Preparations into Fractions Showing Respectively Large and Small 
Increases in Titre at 37° C. 


Following these observations, attempts were made to obtain infected amniotic fluid, some 
preparations of which would show a large increase in apparent titre, and others in which this 
increase would be negligible. Centrifugation and absorption by red cells each effect a change 
in the magnitude of the increase in titre shown by a virus preparation. The results of centri- 
fugation at 15,000 r.p.m. for 60 minutes are shown in Table 2; the increase in titre between 
4° C. and 37° C. is greatest in the deposit where any aggregates would be found and is not shown 
by the virus remaining in the upper one-third of the tube, which is likely to be composed only of 
single virus particles. 

When a sample of amniotic fluid virus was twice treated in the cold with 5 p.c. of packed 
human cells the residual fluid (‘‘second cold supernatant’’) gave a haemagglutinin titre at 
4°C. of 3. The same supernatant titrated at 37° C. increased in titre to 96 and then to 120. 
The original amniotic fluid under the same circumstances showed an increase from 120 at 4° C. 
to 360 and then 640 at 37°C. The titre of CSA in this original fluid was 320, and in the second 
cold supernatant was 64; as in all the results in this work, it is seen that the CSA titres of the 
original and of the supernatant bore the same ratio (1 : 2 in this case) to the haemagglutinin 
titres of the corresponding fluids only when the latter were estimated at 37° C. 

In order to eliminate the possibility that the low titre of the second cold supernatant, and 
the subsequent large increase in titre, might have been due to the ability of some particles of the 
virus to adhere to cells at 37° C., but not at 4° C., the following experiment was undertaken in 
conjunction with that just described. 

The second cold supernatant was diluted out in saline in falling dilutions and red cells were 
added. After 20 minutes at 4° C. the cells were washed and resuspended in saline of volume 
equal to that of the supernatant removed (0-5 cc.). The cells were allowed to settle at 4° C. and 
the endpoint was below 1:2. The tubes were then heated to 37° C. and reproduced the large 
increase in titre described already with an endpoint of partial haemagglutination at 1: 24, a 
result which suggests that the greater part, if not all of the enhanced increase in titre obtaining 
in the second cold supernatant was due to the same process as that responsible for the lower 
value of the increase, in the case of the original NDV amniotic fluid. 


THE NATURE OF SERUM AGGLUTINATION OF STABILIZED CELLS. 


Three different types of serum agglutination can be observed with human red cells stabilized 
by NDV. As described previously (Burnet, McCrea and Stone, 1946) cells acted on by any of 
the virus haemagglutinins develop a nonspecific agglutinability by most normal human and 
animal sera. This is associated with receptor destruction and is also produced by any bacterial 
enzymes which can destroy receptors. The change is in fact that originally described by Thomp- 
son (1926) and Friedenrich (1927) as panagglutinability. The titre obtained with a given 
serum is roughly proportional to the extent of receptor destruction suffered by the cell, so that 
with cells treated by NDV, titres are usually low, and this allows the other two specific types of 
agglutination to be recognized without difficulty. These are agglutination by human sera from 
eases of infectious mononucleosis, and by sera from animals immunized against NDV. The 
present section is concerned with the relations of these types of agglutination amongst them- 
selves, and toward the Paul Bunnell antibody in infectious mononucleosis sera, and the anti- 
haemagglutinin antibody in NDV-immune sera. 
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Differentiation of Paul Bunnell and CSA Antibodies. 


In the previous paper it was indicated that the agents responsible for the Paul Bunnell 
reaction and for agglutination of cells carrying CSA were not identical, inasmuch as human 
sera from cases of infectious mononucleosis did not show a parallel incidence of CSA agglutinin 
and Paul Bunnell antibody. Similar observations on sera obtained during the latter part of 
1946 have supported this distinction. 


TABLE 5. 
Absorption of human infectious mononuclecsis serum with sheep cells and with NDV—H cells. 


CSA agglutinin. Paul Bunnell titre. 


Original serum 500 240 
Serum absorbed with sheep cells 600 <50 
Serum absorbed with NDV—H cells <50 260 
Serum absorbed with human cells 500 260 


For discussion of cell sensitizing agent (CSA) agglutinin sec text. 


NDV—H cells are human cells rendered stable by the action of Neweastle disease virus. 


Cross absorption experiments were undertaken using human sera showing a significant titre 
in both of these reactions. The result of one such experiment is shown in Table 5. Serum MAS 
was diluted 1 : 25 in saline and divided into three portions. One portion was absorbed with an 
equal volume of packed sheep cells at 37° C. for one hour and then at 4° C. for two hours. The 
eells were removed by centrifugation. A second portion was absorbed with packed NDV—H 
cells, and a third with human cells, at 4° C. for 90 minutes. Titration of the three supernatants 
revealed no cross absorption between the Paul Bunnell and CSA antibodies. 


Relation of CSA Agglutinin to Anti-haemagglutinin Antibody. 


Throughout this work, no distinction was noted between the CSA agglutinin found in human 
sera from cases of infectious mononucleosis and in sera from animals immunized with NDV. 
However, in the latter it was always associated with a high titre of antibody to NDV haemagglu- 
tinin whereas this specific antibody was absent from those human sera with CSA agglutinin. 


TABLE 6. 


Anti-haemagglutinin antibody and CSA agglutinin in sera, estimated at 20° C. 


CSA agglutinin. 


Anti-haemagglutinin antibody. Estimated with, Estimated with 
Fowl cells. Human cells. NDV—F cells. NDV—H cells. 


Fowl 4 200 1,920 250 960 
Loe <5 30 4,000 16,000 
M’P (normal human serum) <5 20 <20 <20 


NDV—F and NDV—H are fowl or human cells rendered stable by the action of Newcastle 
disease virus. 


Table 6 shows the relation of titres of CSA agglutinin and anti-haemagglutinin antibody in 
a typical immune animal serum, and in two human sera. In each case the figures obtained were 
higher with human cells than when fowl cells were used in the titration. 

The titre of anti-haecmagglutinin antibody was obtained by setting out a series of serum 
dilutions: to each tube was added an equal volume of virus containing five agglutinating doses 
previously estimated against the cells to be used in the neutralization test. Fresh 2 p.c. red cells 
were then added. 


Absorption of Serum with NDV—H cells. 


An attempt was made to absorb CSA agglutinin from NDV-immune animal serum, by treat- 
ment of 1 cc. of a dilution of 1: 400 of Rabbit 139 serum, with 0-25 cc. of packed washed 
NDV—H eells. The cells and serum were held at 4° C. for 75 minutes and separated by centri- 
fugation. The results, shown in Table 7, indicate an extensive absorption of anti-haemagglutinin 
antibody by NDV—H eells as well as the expected absorption of CSA agglutinin. 

In summary it appears that in serum specifically immune against NDV, the same antibody 
molecules may function as anti-haemagglutinin or as agglutinin for treated cells. In infectious 
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mononucleosis sera there are at least two abnormal types of ‘‘antibody’’ molecules, one 
responsible for sheep cell agglutination, the other for agglutination of NDV—H cells. The latter 
is without action as an anti-haemagglutinin. 
TABLE 7. 
Absorption of NDV—immune animal serum by NDV—H cells 


Anti-haemagglutinin 


antibody. CSA agglutinin. 
Original R139 serum 6,000 12,000 
R139 absorbed with human cells 6,000 12,000 
R139 absorbed with NDV—H eells <400 <400 
DISCUSSION. 


In the previous paper, the tentative conclusion was reached that the cell 
sensitizing agent was probably a product of virus action rather than the virus 
itself. The work described above, however, leads to the conclusion that all the 
manifestations of NDV action on red cells are essentially due to the virus par- 
ticles as such. 

Evidence has been obtained that NDV in infected embryonic fluids is not 
homogeneous; in particular the results of centrifugation have indicated that 
larger units of NDV ean be segregated, which possess in enhanced degree the 
ability to increase their heemagglutinating power after adsorption on to red cells. 
The conception that these larger units are aggregates of the simpler virus par- 
ticles is in accord with the observations. 

If this assumption is made, the increase in apparent titre becomes an index 
of the average number of virus particles in an aggregate, since the haemagglutinin 
titre at any temperature is considered to indicate the number of haemagglutinat- 
ing units present among the cells. Corresponding to the maximum ratio yet 
found for the increase in titre, 1:40 in the case of the second cold supernatant, 
we must assume the existence of an average number of forty virus particles in 
the aggregates in this selected sample of virus. 

The evidence for the existence of aggregates is largely indirect and requires 
confirmation by direct physical measurements. However, many of the results 
are difficult to explain on any other hypothesis. In fact, it is likely that the pri- 
mary agglutination of red cells by a fresh NDV preparation is mainly due to 
linkage between red cells by adhesion of both cells to one or more virus aggre- 
gates; elution occurs by the partial disruption of the aggregate, involving the 
loss of one particle which leaves the aggregate and remains attached to the red 
cell; this remaining particle can leave the red cell only by transfer to another 
cell, not by elution into the supernatant. Its presence on the red cell renders the 
cell susceptible to agglutination by NDV immune serum: it functions also as 
the retained haemagglutinin when fresh red cells are added to cells which have 
been stabilized. 

This picture may be expanded by reference to an experiment recorded above 
in relation to the apparent elution of the cell sensitizing agent. The experiment 
involved successive elutions of a virus preparation from batches of cells. An 
interpretation of the results obtained is attempted here, in the light of the 
hypothesis suggested above. The correctness of this interpretation, and of others 
dependent on this hypothesis, will rest on the result of further examination of 
the virus, in particular of its physical character. The picture given below is 
adopted as being the simplest one which is agreeable with present observation. 
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It is suggested, then, that in the experiment to which reference has been made, 
with each of the first two or three treatments of the cells, the eluate consists of 
those virus aggregates which have been adsorbed to and eluted from red cell 
receptors, not necessarily only once at each manipulation. The residual ASC on 
the other hand represents single particles which are retained on the surface despite 
experimental circumstances that might be expected to favour their elution. Dur- 
ing the first two or three treatments, therefore, there is an apparent conversion 
of elutable aggregates to unelutable single particles. The fourth and subsequent 
eluates differ distinctly in showing no evidence of disaggregation, and in eluting 
completely from red cells. They are composed either of single particles, or of 
aggregates in which elution takes precedence over disaggregation. 

It is not denied that corresponding differences in power to retain virus par- 
ticles may exist among the red cell receptors, though such differences have not 
yet been demonstrated. For example, while the virus units in the fourth and fifth 
eluates are able to free themselves completely from whatever receptors they con- 
tact, amongst particles of relatively low eluting power, such as those retained 
eventually as ASC from the earlier eluates, the decision whether or not the 
particles elute may be determined by the nature of the receptors with which they 
make contact. 

The postulate of aggregation of NDV is supported by two further findings. 
One is that virus eluted from cells in the process of stabilization may have ap- 
proximately the same titre at 4° C. as the original virus adsorbed on to the 
cells; but the titre at 37° C. is always found to be diminished. The second has 
been emphasized already ; it is the observation that the CSA titre of a virus sample 
corresponds to the haemagglutinin titre at 37° C., but not at 4° C. With this 
the above hypothesis is in accord, since the maximum titre developed at 37° C. 
is considered to be due to the action of single virus particles, the products of 
complete disruption of the virus aggregates, the single particles having become 
attached to cells, and having rendered them reactive to immune serum. This 
hypothesis assumes the identity of CSA, retained haemagglutinin (ASC), and the 
single particles of virus haemagglutinin, another assumption that is in general 
agreement with observation. 

This paper has been concerned largely with cells stabilized by untreated 
virus preparations : such stable cells have always been found to be actively haemag- 
glutinating. But it should be emphasized that stabilization has been found to 
occur in certain circumstances, without retention by the cells of any demon- 
strable virus element. The simplest conception is of the existence of at least two 
types of virus particle, those which are sufficiently active to free themselves by 
destroying cell receptors, and others which are unable to dissolve their union with 
red cells. It has been found that neither the receptor destroying enzyme of 
V. cholerae nor that of swine influenza virus is able to free these attached virus 
particles. 

The stabilization of red cells by these two types of NDV particles may well 
involve two mechanisms: in the former case, destruction of the red cell receptor 
associated with the elution of the more active particles, in the latter, blocking of 
the receptor by the retained, less active virus particle. 

The appearance of a weak but consistent degree of ‘‘panagglutinability’’ 
after action by NDV, and the fact that by brief treatment with influenza viruses 
or the receptor destroying enzyme of V. cholerae, cells are rendered resistant to 
NDV and show similar weak panagglutinability, indicates a general similarity of 
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the receptor destroying process throughout the viruses of the mumps—NDV—in- 
fluenza group. 

It is probable that the technique of titration of haemagglutinin on stable red 
cells indicates the proportion of stable cells each of which retains sufficient haem- 
agglutinin to link to at least one other red cell; the method may not indicate the 
concentration of retained haemagglutinin on each red cell. Results obtained, 
but not reported in this paper, have suggested that when cells are stabilized by 
less than 20 agglutinating doses of virus, the ASC titre, which then approximates 
the titre of the original stabilizing virus, represents more accurately the full 
amount of haemagglutinin retained by the stable cells. 

The fact that the endpoints of ASC titrations are at a dilution of 1: 32 of 
stable cells which have their full complement of retained agglutinin, suggests 
that the standard type of partial (+) agglutination occurs in a 1 p.c. suspension 
of volume 0-5 ec. when only 3 p.c. of red cells are joined each to one other 
red cell, For the existence of the same proportion of linkages among NDV—H 
cells due to the action of immune serum on CSA, twice as many sensitized cells 
would be necessary; two agglutinating doses of ASC would be expected to be 
equivalent to a + result due to CSA, an expectation not widely different from 
the figure of three agglutinating doses found by experiment. 

NDV—H cells with a haemagglutinating titre of 32 are not agglutinated by 
fresh NDV. It is inferred that when a virus particle has become permanently 
attached to a red cell, although it can form an intercellular linkage by joining 
with available receptors on a fresh cell, it cannot link with the retained virus 
particles on another stabilized cell, nor with a free virus particle or aggregate. 

A number of experiments was made with NDV, which had been heated to 
56° ©. for from ten minutes to two hours. Such preparations showed unaltered 
haemagglutinating titre at 4° C., but the titre at 37° C. was less than that of the 
original unheated virus. The agglutinated cells, however, did not become stabilized 
over several hours with repeated shakings at 37° C., but were rapidly rendered 
stable, with the elution of all virus, by the action of R.D.E. Detailed consideration 
of these phenomena will be reserved for a further paper in collaboration with 
other workers in this laboratory, in which the conditions obtaining with the in- 
fluenza viruses will also be discussed. 

In general the experiments with heated NDV indicated that the effect was 
due in part to the inability of heated virus particles to produce enzymatic destruc- 
tion of the corresponding red cell receptors, and in part to an increased resis- 
tance of heated virus aggregates to disruption. 


SUMMARY. 


Newcastle disease virus preparations contain units of differing reactivity for 
fowl] or human red cells. 

A smaller number of units are capable of typical adsorption and elution. 

The greater number of units, which may be composed largely of aggregates 
of virus particles, are readily adsorbed, and stabilize red cells; much of the virus 
elutes but a certain amount is permanently retained by the stable cells. 

Cells which have been stabilized by treatment with virus at 37° C. are agglu- 
tinable by specific immune serum and by a proportion of human sera from cases 
of infectious mononucleosis. Both reactions are due to adsorbed virus units. 
These units are also capable of reacting with and being transferred to normal red 
cells. 
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Active infectious mononucleosis sera differ from specific NDV immune sera 
in being incapable of inhibiting haemagglutination by NDV though both react 
similarly with treated cells. The Paul Bunnell antibody is distinct from the 
antibody agglutinating NDV treated cells. 


Acknowledgment. I am indebted to Dr. F. M. Burnet who has given valuable criticism and 
guidance throughout the work. 
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A method of estimating ascorbic acid in blood plasma has been sought which 
would be suitable for a field survey of children using 0-3 ce. or less of blood, easily 
obtained from a child by finger-prick, and which would not require a colorimeter 
or spectrophotometer. The method used by Farmer and Abt (1936), with slight 
modification, was found suitable for this purpose. The results of a complete in- 
vestigation of the sources and magnitude of the errors of this method are the sub- 
ject of the present paper. 


DESCRIPTION OF METHOD. 
Reagents 


Metaphosphoric acid—5 p.c. and 2-5 p.ec. solutions prepared by dissolving glacial meta- 
phosphoric acid in glass distilled water. 

2-6 dichlorophenol-indophenoi solution—0-2 p.c. (nominal concentration) prepared by 
incompletely extracting the solid dye with boiled and cooled glass distilled water. This is 
prepared weekly and diluted to 0-004 p.c. (nominal) daily. When working with indophenol 
solutions it is essential to see that there are no fumes (e.g. nitrous or coal gas) in the atmos- 
phere which affect the dye. The preparation of a fresh solution of dye is necessary when a clear 
end point is not obtained.1 

Ascorbic acid solution—0-5 mg./100 ee. prepared daily by dissolving 50 mg. ascorbic acid 
in 100 ce. 2-5 p.c. metaphosphorie acid solution and diluting to 0-5 mg./100 ec. with 2-5 p.e. 


metaphosphoric acid. 


Apparatus. 

Pipettes—graduated 0-1 ec. micropipettes and constriction pipettes as originally described 
by Levy (1936) and used by Bessey, Lowry and Brock (1946). 

Glass tubes—hard glass tubes 1} inch (approx.) in length and % inch (approx.) in 
diameter, drawn to a point and sealed. 

Microburette—similar to that MICROBURETTE 

described by Farmer and Abt eel 
(1936). It was found desirable 
to use polyphenol plastic tubing 
instead of rubber for the mercury 
reservoir as the rubber reacted 
with the mercury, forming a 
black precipitate. The burette 
is sealed into the plastic tubing 
with paraffin wax and a glass 
stopper inserted into the other Fig. 1. 
end of the tubing (Fig. 1). 

The capacity of the burette is 0-1 ce. and it is graduated to 0-002 cc.; 0-0002 ec. can be 
read by estimation. 








Procedure. 

1. Collect approximately 0-3 ec. blood from a finger prick directly into a small oxalated 
glass tube.2 Centrifuge within 30 minutes to separate cells from plasma. 

2. Pipette 0-1 ce. plasma into a clean glass tube, add 0-1 ee. glass distilled water followed 
by 0-2 ce. 5 p.c. metaphosphorie acid and centrifuge. 





1All solutions should be kept in a refrigerator when not in use. 


2The glass tubes are oxalated by washing with 3 p.c. sodium oxalate solution and drying in 
an oven. 
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3. Pipette two aliquots of 0-1 ce. of the clear centrifugate into adjacent depressions on 
a white porcelain tile and titrate against 0-004 p.c. indophenol solution to the first faint pink 
colour. Dip the curved end of the burette into the fluid which is stirred during the titration 
with a fine pointed glass rod—titration A. 


4. Carry out a blank titration against 0-1 ec. 2-5 p.e. metaphosphoric acid—titration B. 

5. Standardize the 0-004 p.c. indophenol solution by titrating against 0-1 ce. ascorbic acid 
solution (0-5 mg./100 ec.)—titration C. 
Calculation, 


titration A — titration B 
titration C — titration B 





Plasma ascorbic acid = 4 X 0-5 X mg./100 ce. 


EXAMINATION OF THE METHOD. 
Stability of Solutions. 


Stability of indophenol and ascorbic acid solutions. (a) 0-004 p.c. indophenol solution was 
prepared and titrated against 0-1 ce. freshly prepared 0-5 mg./100 ee. ascorbic acid solutions 
at the intervals indicated. 


Titration. 
Immediately 0-0235 ee. 
Three hours later 0-0235 ee. 
20 hours later 0-0235 ee. 


(b) The indophenol solution was titrated against 0-1 ec. 0-5 mg./100 ce. ascorbie acid 
solution at intervals after preparation of the ascorbic acid solution as indicated. 


Titration. 
Freshly prepared 0«0235 ee. 
Standing three hours 0-0235 ee. 
Standing 20 hours 0-0235 ee. 


It may be concluded that both the indophenol and ascorbic acia solutions were stable at 
room temperature for at least 20 hours. 

Stability of ascorbic acid in deproteinized plasma. In all estimations of plasma ascorbic 
acid the titration of the plasma, deproteinized by metaphosphorie acid, was carried out within 
five hours of the addition of the metaphosphorie acid. 

In order to determine whether there is any loss of ascorbic acid in the deproteinized plasma 
on standing, a few ee. of blood were taken by venipuncture and centrifuged; 0-1 ec. of the 
plasma was pipetted into a series of ten tubes and deproteinized with metaphosphorie acid. 
The ascorbie acid in the deproteinized plasma in six samples was estimated immediately and the 
remaining four samples were allowed to stand for five hours at room temperature before 
estimation. 

mg. ascorbic acid 

per 100 ec. plasma. 

Immediately after preparation (mean) = 0-480 + 0-010 
Allowed to stand five hours (mean) = 0-475 + 0-013 


The results show that there was no loss of ascorbic acid after five hours at room temperature. 


Collection of Blood. 


The collection of blood from the finger was greatly facilitated by warming the whole hand 
in hot water for a few minutes and then drying thoroughly. There was marked variation in 
the ease with which the blood was obtained from various children and in a few cases there was 
complete failure. In the majority of cases a steady flow of blood made the collection quick and 
easy, but in a few cases the blood was obtained only after much squeezing. In the difficult 
cases the blood sometimes clotted. 

Tests were carried out to determine the effect of the method of collecting the blood on the 
ascorbic acid value obtained. 

Effect of clotting. An aliquot of blood was taken from one person by venipuncture, half 
being collected into an oxalated tube and the other into a clean tube and allowed to clot. Both 
were centrifuged and aliquots of 0-1 cc. of the clear layers pipetted into a series of tubes and 
deproteinized with metaphosphorie acid; the ascorbic acid was then estimated in the usual 
way, four estimations on the clotted and six on the unclotted. 


mg. ascorbic acid /100 ec. plasma. 


S.E. of mean. 


Mean of clotted 0-44 
Mean of unclotted 0-48 
S.E. of difference = +0-0138 


By Fisher’s ‘‘t’’ test, P > 0-01, < 0-02. 
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The clotted gave a lower figure than the unclotted, the difference being small, but statisti- 
eally significant. 

Effect of stasis. When the hand was warmed, blood could be collected easily without 
squeezing. If the hand was not warmed stasis made it necessary to squeeze the finger in order 
to obtain the blood. The effect of this squeezing on the ascorbic acid value was investigated by 
taking samples of blood from each hand of six subjects by finger prick, one hand having been 
held in hot water and the other in cold. 

The results in Table 1 show that the squeezing did not affect the ascorbic acid value. 


TABLE 1. 


Effect of squeezing finger on ascorbic acid content in blood plasma. 


Ascorbic acid content (mg./100 ec.) of 
blood plasma obtained from 


Warm hand Coid hand 
Subject. (without squeezing). (with squeezing). Difference. 
1 0-30 0-30 0-00 
2 0-34 0-34 0-00 
3 0-96 0-96 0-00 
4 0-74 0-74 0-00 
5 0-39 0-43 0-04 
6 1-15 1-17 0-02 
Mean 0-65 0-66 0-01 + -0068 


Fisher’s ‘‘t’’ test shows no significant difference (P > 0-1, < 0-2). 


Comparison of finger prick and venipuncture. Two samples of blood were taken from each 
of five subjects, one by venipuncture from one arm and the other by finger prick from the 
other and the ascorbic acid estimated. Table 2 shows no statistically significant difference 
between the ascorbic acid figures of the venipuncture samples and the finger prick samples. 


TABLE 2. 
Comparisen of finger prick and venipuncture. 


Aseorbie acid content (mg./100 ec.) 
of plasma of blood obtained by 


Subject. Venipuncture. Finger prick. Difference. 
1 0-67 0-67 0-00 
2 0-71 0-80 0-09 
3 1-12 1-00 —0-12 
4 0-36 0-30 —0-06 
5 0-81 0-74 —0-07 
Mean 0-73 0-702 —0-032 


S.E. of mean difference + 0-036 
Fisher’s ‘‘t’’ test shows no significant difference (P > 0-3, < 0°4). 


Farmer and Abt (1936) took samples of blood from seven people by finger prick and by 
venipuncture and estimated the ascorbic acid using the macro-method on the venipuncture 
samples and the micro-method on the finger prick samples. They, too, obtained no difference in 
ascorbic acid levels of blood taken by venipuncture and finger prick. The mean figures obtained 
were: 

Venipuncture samples = 0-973 mg./100 ce. 
Finger prick samples = 0-999 mg./100 ce. 
Difference = 0-026 + 0-051 

S.E. of mean difference, calculated from Farmer and Abt’s results. 


Fisher’s ‘‘t’’ test shows no significant difference (P > 0-6). 


Experimental Error. 


The figures obtained in a recent survey of the plasma ascorbic acid level of children 
(Pecover, Norris and Clements, 1947) were used to calculate the experimental error of the method. 
The titrations were carried out in duplicate and from the differences between these duplicate 
titrations, the standard error of a single estimation, in which duplicate titrations of the blood 
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plasma ascorbic acid and of the standard ascorbic acid solution are carried out, was 
calculated to be 0-0195 mg./100 ec., ie. at the 5 p.e. level of significance the error was 
+ 0-0195 X 2= + 0-04. 


Day to Day Variation of Plasma Ascorbic Acid Levels. 


To ascertain the day to day variation of the plasma ascorbic acid levels of the same person, 
samples of blood were taken by finger prick from six subjects (four adults and two children) 
at the same time each day for five days (the consecution of which was broken by the week-end), 
and the ascorbic acid estimated. The results are given in Table 3. 


TABLE 3. 
Day to day variations of plasma ascorbic acid levels. 


N 
Blood plasma ascorbic acid level (mg./100 ec.) on — 


Subject. Thursday. Friday. Monday. Tuesday. Wednesday. subject. 
0-77 0-86 0-77 0-98 0-94 0-864 
1-12 1-21 1- 1-14 0-94 1-110 
0-94 0-86 0°77 0-92 0-94 0-886 
0-43 0-47 0-45 0-64 0-40 0-474 
0-89 0-68 1-09 1-07 0-94 0-934 
0-86 0-89 1-07 0-94 0-81 0-914 


Mean for each day 0-835 0-828 0- 0-948 0-828 0-863 


The figures obtained on any one subject varied from day to day. A statistical analysis 
was made in order to determine whether this variation could be accounted for by the experi- 
mental error of the determination. As shown above, the latter amounts to 0-0195 mg./100 ee. 
The pooled standard deviation of the day to day variation calculated from the figures in Table 
% was 0-097. The difference between these two figures is statistically significant. Thus there 
is a real day to day variation with a standard deviation equal to (0-097) — (0-0195) = 0-095. 

The figures in Table 3 can also be used to determine the reliability of a single determination 
cf the plasma ascorbic acid level in an individual. The standard deviation of a single estimation 
is 0-097. For 24 degrees of freedom at the 5 p.c. level of significance, t = 2-06, so a single 
estimation made on any one day will be within + 2-06 X 0-097 = + 0-2 of the mean value taken 
over several days. 

SUMMARY. 


The method used by Farmer and Abt (1936) for the determination of ascorbic 
acid in blood plasma was found suitable for children, using 0-3 ee. or less of blood. 

The sources of error involved in the actual determination and in the collec- 
tion of blood were investigated. 

The error of a single determination was found to be + 0-04 mg. 100 ee. and 
there was a real day to day variation of the same person with a 8.D. of + 0-095. 
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When making cultures of fungi and bacteria, it is necessary to take precau- 
tions against air-borne contaminants. At these Laboratories, such work is con- 
ducted in a transfer chamber of the type described by Ehrlich (1939). The cham- 
ber requires frequent sterilization te kill mould spores and bacteria and for a 
long period, formalin was used here for the purpose. The irritating effect of for- 
malin on the eperator is an obvious disadvantage of the material. Therefore, other 
substances were tested as air sterilizants against both mould spores and bacteria. 

The work of Robertson et al. (1941), showed that propylene glycol aerosol 
was effective against bacteria suspended in air, and it has been shown to kill 
rapidly Staphylococcus albus when used at a concentration of 1 part in 2,000,000 
ml. of air (Robertson ef al., 1942). No reference to its effect on mould spores has 
been made in the literature, and therefore tests on this property were conducted 
here. 

EFFECT OF PROPYLENE GLYCOL AEROSOL ON MOULD SPORES IN A DRY 

ATMOSPHERE. 

Method. A transfer chamber of 140 litres capacity, was heavily contaminated with dry 
spores of Aspergillus niger. Two sterile plates of potato dextrose were immediately exposed 
for one minute and then incubated. An aerosol of propylene glycol was then produced in 
the chamber by spraying propylene glycol, with a de Vilbis atomiser, on to a metal surface 
heated to approximately 100°C. Three different concentrations of propylene glycol were 
tested, the dosage being controlled by the number of compressions of the atomiser bulb. At 
20° C. air is saturated with a concentration of 1 gm. of propylene glycol in 3,000,000 ml. of 
air (Puck et al., 1943), and this was the highest concentration tested. Two P.D.A. plates 
were then exposed for a period of one minute, at intervals, after production of the aerosol. 
The plates were then incubated for 6 days at 25° C, and the number of colonies counted. 
All controls were carried out in a similar way except that water, instead of propylene glycol 
was sprayed on to the heated plate. 

TABLE 1. 


Numbe; of colonies on plates exposed for one minute, at intervals after start of experiment. 
Concentration 
of propylene 
glycol (gm./ml. 
of air). 0 min. 1 min. 2min Smin. 8 min. 10 min. 12 min. 15 min. 20 min. 
Nil (water atomised 
on to heated 
surface) 440 317 28% 197 132 102 91 
1/3 million >35,000 200 88 36 10 3 1 
1/5 million >35,000 500 sas tae 12 ey 
1/74 million >35,000 12,000 7,000 3,600 220 116 73 
Figures given are an average of number of colonies on two plates. 
Duplicates showed close agreement. 
Concurrently with the exposure of the plates, a two litre sample of air from the transfer 


chamber was bubbled through 20 ml. of u-stilled water at the rate of 200 ml. per minute. 
The air was passed into the water through sintered glass, and the rate of sampling was 
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controlled by running water out of an aspirator bottle. The water was then analysed for 
glycol, using the method described by Puck (1942). The figures obtained are lower than the 
concentration at the start of the test, since an appreciable quantity condensed on the glass 
walls of the transfer chamber, but they are an average figure for the first ten minutes 
exposure, 

Results. The number of colonies which developed showed a rapid diminution after 
production of the aerosol, as shown in Table 1. The rate of diminution of cvlonies with time in 
the control test was considerably slower. Fig. 1 illustrates certain of the results graphically. 
The initial contamination in the control test was made less heavy than in the other tests, so that 
the number of colonies could be counted accurately. 










NUMBER OF COLONIES AS LOGARITHIMS 
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against the time after commencement (Right) 15 minutes after production of aerosol. 
of the experiment. The exact form of 

the graph in the broken portion of the 

curve for the propylene glycoi test is 

not known. 


Tn the tests with propylene glycol, the contamination with A. niger spores at the start was 
so heavy that the number could not be determined accurately, but in each case was in excess of 
35,000. The figures show that there was a rapid reduction in the number of colonies in the 
first minute of exposure to all the concentrations tested. Thereafter the rate of killing was 
slower, and calculation of the regression coefficient of the number of cclonies, as logarithms on 
time after commencement of the experiment, showed that, after the first minute, there is no 
significant difference between the rate of killing of spores with the highest and lowest concen- 
trations tested. 

The data are not sufficient to show why the figures for number of colonies after exposure to 
the lowest concentration are higher than those after exposure to the highest concentration. 
Either the original number of spores was considerably greater in one case than the other, or 
there is an initial effect of the glyco! which is proportional to concentration, and later the mode 
cf action changes to one independent of concentration within the limits tested in the experiment. 
It is possible that part of the initial effect at least, is due to the aerosol condensing on spores 
and ‘‘ washing’’ them down. 

To determine whether propylene glycol aerosol was effective against speres of another 
species of mould, a similar experiment was conducted with a species of Penicillium. In both 
the control test and the test with aerosol, the transfer chamber was very heavily contaminated, 
at the start of the test, with spores from a three weeks’ old culture. 


TABLE 2. 
Number of colonies of Penicillium sp. on plates exposed for one minute. 


Time after 
aerosol pro- 


duction. 0 min. 1 min. 2 min 5 min, 8 min. 10 min, 12 min. 15 min. 


Number of colonies x x x 1,200 200 100 40 40 


X = Colonies too numerous to be counted accurately. 





SL os ee ee : 
TUME_IN MINUTES i 

Fig. 1. Number of colonies of 
Aspergillus niger on plates of P.D.A. Fig. 2. Effect ef propylene glycol aerosol on Penicillium sp. 
exposed for one minute, plotted Both plates exposed for 1 minute (left) at start of experiment. 
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In both tests, the initial contamination was so heavy that it was impossible to count the 
number of colonies on plates exposed at the start. In the control test, it was still impossible to 
count the number of colonies on plates exposed 15 minutes later. The results of the test with 
aerosol are shown in Table 2 and are illustrated in Fig. 2. 


COMPARISON WITH THE EFFECT OF FORMALIN. 


A similar experiment was conducted in which a concentration of 1 gm. of formalin in 3 
million ml. of air was produced in the transfer chamber, by pouring a measured quantity of 
formalin solution of known concentration on to a heated surface, thus obtaiming rapid and 
complete vaporisation. The results are shown in Table 3, together with the figures for the 
same concentration of propylene glycol. 


TABLE 3. 


Number of colonies on plate exposed for one minute. 


Fungicide. 0 min. Ilmin, 2min. 5Smin. S8min. 10min. 12 min. 15 min. 20 min. 
Formalin >35,000 140 50 2 2 1 0 0 0 
Propylene glycol >35,000 200 88 36 10 3 1 1 0 


Thus formalin used at the same concentration as propylene glycol was cffective in killing 
A, niger spores, and calculation of the regression coefficient of the number of colonies as 
logarithms on time after commencement of experiment showed that formalia is more rapid in 
action than glycol. 

EFFICIENCY IN A HUMID ATMOSPHERE. 

It seemed possible that the humidity of the atmosphere would affect the efficiency of the 
material, and an experiment was conducted to test this. 

Method. The method used was similar to that previously described, except that a shallow 
tray of hot water was placed in the transfer chamber before the experiment and left there until 
its completion. The humidity remained saturated throughout the test. So that a more accurate 
check on the number of spores introduced could be made, the transfer chamber was less heavily 
contaminated than in previous experiments. A similar test was conducted at a relative humidity 
of 50 p.c. The concentration of propylene glycol aerosol in each case was 1 gm. in 3 million 
ml. of air. The results are shown in Table 4. 


TABLE 4. 


Number of colonies on plates exposed for one minute. 


Relative 
Humidity. 0 min. lmin. 2 min. 5 min. 8min. 10 min. 12 min. 15 min. 20 min. 
506% 70 26 15 3 2 0 0 0 0 
100% 160 38 23 7 3 0 0 0 0 


Calculation of the regression coefficient of numbers of colonies as probits on log-time 
showed that the relative humidity of the air did not have any apparent effect on the action of 
aerosol. 


FUNGICIDAL ACTION OF PROPYLENE GLYCOL IN SOLUTION, 


Nutrient broth, containing 1 p.c. dextrose, was prepared and propylene glycol added to give 
concentrations ranging from 1 to 12 p.c. 50 ml. of the solutions were pipetted into erlenmeyer 
flasks, and half inoculated with A. niger, and half with Sclerotinia fructicola. The flasks were 
incubated for 6 days at 25° C. and the mycelial mats filtered off, washed, dried and weighed. 
The experiment was conducted in triplicate. The results are shown in Table 5. 

Propylene glycol is therefore not strongly fungicidal in solution, and a concentration of 
about 12 p.c. in the case of A. niger, and of about 6 p.c. in the ease of 8. fructicola, is necessary 
to inhibit growth completely. 


TABLE 5. 


Weight of mycelial mat in gm., at various concentrations of propylene glycol. 


per cent. 
Organism. 1 2 3 4 5 6 7 8 9 10 12 


A. niger -100 -095 -087 -083 -074 -071 +067 -059 -042 -027 -001 
S. fructicola -061 -056 -040 -032 -014 -003 — — nn oat = 
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It has frequently been observed that fungi will not grow on poured plates which have been 
left in an atmosphere of formalin. During inoculations and transfers, plates are necessarily 
liable to contamination with substances used as aerial sterilizants. Some tests were therefore 
made to determine whether exposure of plates to propylene glycol aerosol would inhibit fungal 
growth. 

Method. Open petri dishes, containing P.D.A. were placed in sterile desiccators, which were 
evacuated. The tops of the desiccators were then opened in an atmosphere containing 1 gm. 
of propylene glycol aerosol in 3 million ml. of air. They were left for 30 minutes and then 
inoculated with Pythium sp., A niger and S. fructicola. Unexposed plates were inoculated with 
the same organisms. In no case was there any observable effect on the growth of the fungus. 


EFFECT OF PROPYLENE GLYCOL AEROSOL ON DENSE MASSES OF SPORES. 


Method. Spores of A, niger were dusted on to sterile cover slips and exposed to a propylene 
glycol aerosol of a concentration of 1 gm. in 3 million ml. of air. At intervals, cover slips 
were removed and placed in 50 ml. of sterile water. After thorough shaking, 1 ml. of sterile 
water was removed and several dilutions with sterile water made. 1 ml. of each dilution was 
pipetted on to the surface of poured P.D.A. plates and distributed evenly. The number of 
colonies which grew was counted. The original number of spores was determined by counting 
the number of spores in the first dilution with a haemocytometer. 

The standard method of germination on glass slides was not used because of the difficulty 
of obtaining uniform results with A. niger by that method. 

Results. The results were not very uniform, but showed that exposure of a dense mass of 
spores (about 500,000) to propylene glycol aerosol for even 20 minutes prevented only about 
half the spores in the mass from germinating. 


DISCUSSION. 


Propylene-glycol aerosol is shown in this paper to be an effective fungicide 
against mould spores suspended in air, though not against large masses of spores 
on a solid surface. 

It has a number of properties, apart from its efficiency as an air sterilizant, 
which make it suitable for sterilizing the air of rooms or cabinets where pure 
culture work on micro-organisms is carried out. It is odourless and non-irritating 
to the operator, and according to several authors cited by Robertson et al. (1942), 
it is non-toxic to humans. Plates of culture media exposed to an atmosphere con- 
taining it do not absorb sufficient to inhibit the growth of micro-organisms, and 
therefore work can be continued in air which still contains the material. 

As the results quoted show, it takes about 15 minutes for propylene glycol, at 
a concentration of 1 gm. in 3 million ml. of air, to sterilize a heavily contaminated 
atmosphere. It has, therefore, become the practice in these Laboratories, to wait 
15 minutes after producing the aerosol before carrying out culturing work. The 
material has been used here for about a year with very satisfactory results. 


SUMMARY. 


Propylene glycol aerosol is shown to be effective as a fungicide against mould 
spores suspended in air, but not against large masses of spores. Its efficiency is not 
affected by the humidity of the atmosphere. It is not a powerful fungicide when 
used in solution. Its value in pure culture work is discussed. 
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In recent years several compounds influencing prothrombin levels in humans 
and experimental animals have been described. This subject has assumed prac- 
tical importance since drugs applied for a number of diseases have been shown 
to exert side-effects on blood coagulation. 

In this paper results are given of a detailed study of the influence of the 
oral administration of quinine hydrochloride on the prothrombin level of rabbits 
and guinea-pigs, and the effect of the drug on the components of the blood coagu- 
lation system has been investigated in vitro. In earlier investigations Pirk and 
Engelberg (1945) found that quinine sulphate administered orally in doses of 
0-33 gm. for periods varying from six to sixteen days induced hypoprothrom- 
binaemia in man. This statement was challenged by Quick (1946), who estimated 
the prothrombin level in four human subjects to whom the same daily dosage was 
given for eight days and in whom no alteration in prothrombin activity occurred. 

For the assessment of prothrombin Pirk and Engelberg used Russell viper 
venom as a thromboplastic agent in contrast to Quick, who used an extract of 
rabbits’ brain. Results of the following experiments indicate that unless rigid 
control of technique is employed, erroneous conclusions will be drawn. 


EXPERIMENTAL PROCEDURES. 


Quinine hydrochloride was fed daily by stomach tube to rabbits and guinea pigs for ten 
consecutive days. The rabbits, weighing 1-7 to 2-5 kg. received daily 100 mg. of quinine hydro- 
chloride dissolved in 4 ml. of water, and the guinea-pigs, having a weight of 0-4 to 0-45 kg., 
25 mg. in 1 to 2 ml. of water. Before the commencement of treatment and two hours after the 
jast dose, blood samples were taken from the marginal ear vein of rabbits and by cardiac 
puncture under ether anaesthesia in the case of guinea-pigs. All blood samples were collected 
in 0-1 M. sodium oxalate in the ratio of 1 ml. oxalate to 9 ml. of blood. The prothrombin 
activity of the plasma specimens was estimated: 

(a) By the technique of Quick (1938) using a 6 p.c. extract of homologous brain and 0-01 
M. calcium chloride in equal volumes. 0-2 ml. of this mixture was added to 0-1 ml. of oxalated 
plasma. The estimations were carried out in whole plasma as well as in plasma diluted with 
9-85 p.c. sodium chloride. 

(b) With Russell viper venom. To 0-1 ml. of oxalated plasma was added 0-2 ml. of a 
mixture of equal velumes of a freshly prepared solution of 1:10,000 Russell viper venom 
(‘*Stypven’’) in 0-85 p.c. sodium chloride and 0-025 M. calcium chloride. This method is 
similar to the technique described by Page (1941). 

(ec) Snake venom activated by egg lecithin (Hobson and Witts, 1941). Commercial egg 
lecithins are often acid and therefore 10 p.c. suspensions in 0-85 p.c. sodium chloride were 
prepared and diluted with veronal buffer to produce a 1 p.c. lecithin concentration of pH 7-2. 
A 1:5,000 dilution of venom was then added to an equal volume of 1 p.c. lecithin-veronal mixture 
and this solution mixed with an equal volume of 0-025 M. calcium chloride prior to use. 

All coagulation times were measured at 37-5° C. The values given in Table 1 represent 
pereentage prothrombin activity, 100 being normal. 

The degree of hypoprothrombinaemia was determined by comparing the clotting times 
obtained for the sample with those observed on a saline dilution curve established with normal 
plasma. 





1Working under full-time grant from the National Health and Medical Research Council. 
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TABLE 1. 
Percentage prothrombin. 

Animals Homologous Russell viper Venom 
treated brain extract. venom in saline. plus lecithin. 
with quinine 100 p.e. 12-5 p.e. 100 p.e. 12-5 p.e. 100 p.e. 12-5 p.ec. 
hydrochloride. plasma. plasma. plasma. plasma. plasma. plasma. 

Rabbits: 
(5) 100(5) 100(3) 
50(2) 100(5) 
(3) 100(3) 100(3) 100(3) 100(3) 100(3) 100(3) 
Guinea-pigs: 
(5) 100(4) 100(1) 100(3) 
80(1) 50-70(4) 50-70 (2) 
(7) § 100(6) 100(6) 100(4) 100(3) 100(7) 100(7) 
UY 60(1) 70(1) 50-60 (3) 40-75 (4) 


Figures in brackets represent the number of animals. 


From Table 1 it is seen that quinine hydrochloride had no influence on the prothrombin time 
of eight rabbits when homologous brain was used. When Russell viper venom was employed, 
two of the plasma specimens showed an increased prothrombin time. When, however, venom 
was activated by egg lecithin the cletting times were found to be normal in all instances. On 
the other hand, of twelve guinea-pigs treated with quinine, two plasma specimens had a longer 
prothrombin time when Quick’s technique was used whilst viper venom indicated prothrombin 
reduction in seven cases. In addition, venom activated by lecithin, indicated hypoprothrom- 
binaemia in two cases. These, however, were not the same ones that showed a lower prothrombin 
level in Quick’s technique. Thus one or possibly two animals definitely showed signs of hypo- 
prothrombinaemia. The incidence of apparent prothrombin reduction when snake venom in 
saline was used appeared to parallel the plasma coagulation time, for when oxalated plasma was 
recaleified, slightly longer times were observed in the specimens in which venom indicated hypo- 
prothrombinaemia. This suggested that the cellular elements influenced the results. Hence 
oxalated blood specimens derived from normal humans and guinea-pigs were centrifuged at two 
different speeds and the prothrombin activities measured. 


TABLE 2. 


Centri- 
fugation Plasma Prothrombin time (secs.) 
rate Platelets coagula- Snake Venom in Homologous 
Type of mean radius per tion time} venom lecithin- brain 
plasma. 16-5cem. cmm. X 108 (sees.) in saline. veronal. extract. 
Human (A) 500 73 27 12 17°5 
(B) 170 126 41 12 17-0 
Guinea-pig 
(1) (A)* 43 15 22-5 
(B)t 66 17 23 
(2) (A) 37 15-5 22 
(B) 51 17-5 22°5 
(3) (A) 38 16 23 
(B) 61 20-5 22 
(4) (A) 40-5 14 11 19 
(B) 49 15 11 19 


*(A) centrifuged for 5 minutes at 1,500 r.p.m.; +(B) centrifuged for 30 minutes at 
3,000 r.p.m.; {0-1 ml. oxalated plasma and 0-1 ml. 0-025 M CaCl, at 37° C. 


From results given in Table 2, it is apparent that plasma specimens centrifuged at a lower 
rate showed shorter coagulation times when snake venom in saline was used, whilst when venom 
activated by lecithin was employed as thromboplastic agent, the results obtained were identical 
with those found when homologous brain was used. The discrepancy in the results was therefore 
due to the increased cellular content of plasma. 
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To investigate whether quinine exerts an influence on the individual components of the 
blood coagulation system, mixtures of quinine solution and oxalated plasma from humans and 
rabbits were prepared and the prothrombin times determined. 

TABLE 3. 


Influence of quinine hydrochloride on prothrombin time in vitro using homologous brain. 


Quinine 
trati 
Type of “hie CaCl, concentration. 
plasma. mg.p.c. M/1,000. M/500. M /400. M /200. M/100. M/40. 
Prothrombin time in seconds. 
Human (3) 0 27 17 — 14 14 16 
227 47 28 — 20 20 23 
Human (2) 0 _ 18 — 14-5 17°5 —_ 
216 — 30 — 20-5 24 ae 
Rabbits (3) 0 12 _ 9 9 8 _ 
275 18 — 12 11 11°5 — 
137 15 a 10 10 10 — 


Figures in brackets indicate number of specimens tested. 


It is apparent from the results in Table 3 that concentrations of quinine between 100 and 
200 mg. p.c. inhibit prothrombin activity. Concentrations below 70 mg. p.c. quinine do not 
retard the plasma coagulation. Further, quinine hydrochloride in isotonic saline added to 
freshly drawn human venous blood to give a concentration of 60 mg. p.c. had no effect on the 
whole blood coagulation time in the eight specimens investigated. 

The marked anti-coagulant effect of quinine in vitro in the higher concentrations is due to 
its anti-prothrombie effect since the coagulation of fibrinogen by human thrombin was not 
infiuenced by concentrations up to 290 mg. p.c. quinine hydrochloride. In addition it could 
be shown that the inhibiting effect of quinine is not anti-thromboplastic in nature since human 
plasma containing 40-50 mg. p.c. quinine hydrochloride did not significantly alter the prothrom- 


bin time when 6 or 0-6 p.c. homologous brain extract was used in either M /100 or M /500 calcium 
chloride. 


DISCUSSION. 


The experimental animals were treated with amounts of quinine, ten to fifteen 
times greater per kg. of body weight than that given to humans by previous 
workers in a similar investigation. It is apparent from the experimental evi- 
dence given here that quinine cannot be considered as a drug producing hypo- 
prothrombinaemia in the rabbit, and only a doubtful effect was observed in 
guinea-pigs. The evidence seems to be conclusive when judged by the results 
obtained by the use of homologous brain extract and Russell viper venom activated 
by egg lecithin. Even slight alterations in the prothrombin level can be detected 
with these procedures, especially when. the estimations are carried out on diluted 
plasma specimens as suggested, and repeatedly confirmed by Link’s school (1941). 
In contrast, Russell viper venom dissolved in saline indicated hypoprothrom- 
binaemia in a high proportion of cases. However, there is good reason for be- 
lieving that the observed delay in coagulation time was not due to reduction in 
the prothrombin level. 

Firstly, Russell viper venom showed variation in the prothrombin time even 
in plasma from normal untreated animals. A similar observation has been re- 
ported by Witts and Hobson (1940) in the case of human plasma. 

Secondly, Trevan and Macfarlane (1936) have recognized that venom is not 
fully active as a thromboplastin preparation. Added lipids or platelets will en- 
hance the venom’s activity and the former’s influence has been investigated by 
Witts (1942). 








186 P. FANTL, M. N. ROME anp M. H. NANCE 


For these reasons it does not appear to be justified to interpret clotting times 
differing by several seconds from the normal value as due to alteration in pro- 
thrombin activity when only Russell viper venom is used. 

Quinine hydrochloride when added to whole blood or oxalated plasma in 
amounts up to 70 mg. per 100 ml. had no influence on coagulation. Concentra- 
tions greater than 100 mg. p.c. inhibited prothrombin activity. However, such 
concentrations cannot be attained by oral administration. Occasional estimations 
of quinine using the technique of Brodie and Udenfriend (1945) gave values of 
less than 3 mg. of quinine per 100 ml. of plasma. Although the anti-coagulant 
effect of quinine is not of practical significance, one fact of theoretical interest is 
the antagonism between calcium and quinine as can be seen from results given 
in Table 3. Whilst in control experiments the coagulation time of human plasma 
using 0-025 M. and 0-002 M. calcium chloride showed the same clotting time, the 
specimens containing quinine showed significantly longer clotting times when lower 
calcium concentration was used. 

A similar antagonism between Ca ions and quinine has been observed by Shaw 
and Keogh (1944) in the pharmacological action of the alkaloid. 


SUMMARY. 


Quinine hydrochloride administered in large doses orally had no infivence on 
the prothrombin activity of rabbits, and a doubtful effect on guinea-pigs. When 
Russell viper venom dissolved in saline was used as thromboplastic agent variable 
results were obtained which, however, are not due to alteration in prothrombin 
activity. 

From in vitro experiments it is concluded that quinine hydrochloride in con- 
centrations greater than 100 mg. p.c. shows antiprothrombin activity and an an- 


tagonism between Ca ions and quinine was detectable. 
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One of the major aims of pharmacologists is to interpret the action of drugs 
on living cells on a clearly perceived physico-chemical basis. Progress in this 
direction is hampered mainly by the complexity and obscurity of cell structure, 
but there is also a paucity of physico-chemical data concerning drugs. In this 
paper will be given the results of measurements upon two important drugs—nico- 
tine and nornicotine. It is hoped that they will be of value not only for their 
own sakes as filling gaps in our knowledge of physical constants, but also as a con- 
tribution to data which can be used to test theories of drug action. Included are 
measurements of density, coefficient of thermal expansion, surface tension, Raman 
spectra of the pure alkaloids and vapour pressure of aqueous solutions of the 
hydrochlorides. 
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ABSORPTION SPECTRUM 
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EXPERIMENTAL. 


Density. In the course of our work we had occasion to measure the densities of numerous 
preparations using a small picnometer of about 1 cc. capacity. Making corrections for tem- 
perature we find the following averages: 8.G. at 20° C. referred to water at 4° C.—Nicotine 
1-010 (average of seven determinations), Nornicotine 1-070 (average of 34 determinations). 
Our value for nicotine agrees with that of Lowry and Lloyd (1929). 

Coefficient of thermal expansion. This was measured using a picnometer fitted with a 
graduated capillary tube suspended in a water bath at various temperatures. The slope of the 
curve obtained by plotting volume against temperature between 10° C. and 30° C., divided by 
the volume at 20° C, was taken as the coefficient of expansion. Results: Nicotine 0-80 x 10-3, 
Nornicotine 0-73 X 10-3. 

Surface tension. The drop weight method was adopted, using a stalagmometer of 3 cc. 
capacity with a solid tip about 9 m.m. in diameter and face convexly curved. Correction factors 
for the tip diameter were uncertain but a comparison of benzene with alcohol indicated that 
the adoption of the simple inverse proportion formula would give reasonably accurate results. 








1 Under grant from the Council for Scientific and Industrial Research. 








188 


The dropper was suspended in a vessel containing air dried with calcium chloride and caustic 
Using benzene as standard we obtained the following results: Nicotine 37-1 dynes/em. 
ut 26° C., Nornicotine 43-1 dynes/em. at 27° C. The accuracy is estimated to be of the order 


soda. 


of 1 dyne/cm. 


Wave 
No. 


117 
259 
304 
354 
403 
523 
573 
618 
662 
715 
774 
811 
835 


903 

924 
1,024 
1,041 
1,110 
1,192 
1,219 
1,249 
1,316 
1,361 
1,423 
1,457 
1,482 
1,591 


2,947 
2,963 
3,050 


KCl. 


0-0868 
0-3049 
0-4246 
0-6439 
1-033 
1-983 
3-618 
4-81 


L- 
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1-Nicotine. 


Raman frequencies. 


TABLE 1. 





d-Nornicotine. 


Order of or com- Range of 


intensity. 


8? 


2 
9 


— 
toe ee 


— me oO 
to 


bo 
— 


co KP OD 


i 


~~ Poo Re 
me 


—_—-T— 


Nie.(HCl)2 


0-0878 
0-2650 
0-5742 
0-5351 
1-401 
2-192 
3 


+34 


Simple 

plex. values. 
C? 137-41 
Cc 300-1 
Cc 330-1 
? 399-401 
? 519-20 
? 555-62 
8 618-20 
Cc 659-67 
? 715-6 

DiffuseBand. 
Doublet — 
2 a 
s 1,036-8 
? 1,096-1,100 
Cc ie 
Cc 1,329-33 
Cc 1,449-51 
1,483-7 

s es 
C 2,872-5 
Cc 2,959-61 
Ss 3,051-3 


KCl. 
1-166 


2-025 


3-452 


4-795 


Simple Probable 
Order of orcom- Rangeof limit of Wave 
intensity. _ plex. values. error. No. 
10? Cc? 116-8 3 140 
2 Ss 258-9 3 
3 ? 303-5 3 301 
1 ? 352-5 5 331 
2 ? — 4 400 
1 Cc 522-4 3 520 
3 Ss 571-4 3 560 
3 Ss 617-9 3 619 
14 Cc 660-4 4 663 
A ? 710-30 10 716 
2 772-5 5 { 768 
3 Cc 810-2 3 to 
1 — 10 864 
3U Cc 902-4 3 914 
4) 823-5 3 937 
? Ss _ 5 1,037 
10 s 1,040-1 2 
14 Cc 1,106—13 7 1,100 
3 1,191-2 3 1,191 
3 Cc 1,218-9 3 1,222 
2 1,248-50 5 1,245 
2. Cc — 3 1,331 
25 1,359-63 5 
1 1,419-26 7 
+ Cc 1,456-8 3 1,450 
1} 1,480-3 7 1,485 
6 s 1,591-2 2 1,589 
*1,619 
3 t c 2,945-8 3 2,874 
3) 2,960-5 5 2,960 
3 s 3,049-50 3 3,052 
* Not observed in 50% racemized alkaloid. 
TABLE 2. 
Concentrations of isopiestic solutions in moles per 1,000 gm. water. 
Nic.HCl. KCl Nornic.HCl. KCl. 
0-0903 0-0790 0-0814 0-1169 
0-3400 0-2930 0-3238 0-3231 
0-4867 0-7115 0-8748 0-6976 
0-7693 0-9811 1-235 0-6517 
1-291 1-557 2-067 1-754 
2-555 2-628 3-575 2-916 
4-462 4-797 6-457 4-82 
5-60 


Raman spectra. 


shaped. 


These were obtained using a Hilger spectrograph and a small scattering 
tube of 2 ce. capacity, the scattering column being 14 inches long. This tube was made by 
fusing a flat window on to the end of a 6 mm. bore soft glass tube and then bending the tube 

The bend was painted over with black duco paint and a cooling jacket of thin 
pyrex glass, 10 mm. bore, extending from the window end to the bend, was cemented on 
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cr ’ . 7 ’ ’ with a paste made by mixing asbestos and 
VAPOUR PRESSURE sodium silicate. The tube was mounted with 
CURVES the window close up to the slit and aligned 
with the collimator by sight. A mercury 
vapour lamp was placed immediately below 
l-Necotine HCY» the tube, touching the cooling jacket, and 
metal reflectors were fixed above and below. 
4 Through the cooling jacket was circulated 
ual a 30 p.c. solution of quinine dihydrochloride 
Pu which eliminated light of wave-length 
d- Nornicotine [4C1) > shorter than 4,100 A, bearing the 4,358-34 

a 7 A line of mercury as the exciting light. The 
= lamp was cooled by an electric fan. Trouble 
was at first experienced with fogging of 
plates due to fluoresence, nicotine being par- 
ticularly bad. This was found to be due to 
impurity which increased on exposure to air 
and was reduced by careful distillation and 
‘d protection of the alkaloids by an atmo- 
sphere of hydrogen. As our mercury lamp 
was weak (0-9 ampere current) and the 
aperture of the spectrograph small, expo- 
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25+ 4 sures of 24 hours or more were required to 
ae yey ee get a reasonably clear photograph. A slit 

d-Nornicotine (HY), width of 0-02 mm. was used. The spectral 

° - > > i. 3 é photographs were analysed on a line photo- 
MOLALITY (Mm) meter, the scale of which was calibrated in 


each case by copper are spectra on both 
sides of the Raman spectrum. Both d-nor- 
nicotine and partially racemized nornico- 
tine were examined, the only difference observed being a weak extra line (1,619) in the case of 
the d-nornicotine, which is of doubtful authenticity. Fig. 1 shows typical curves obtained from 
the photometer readings. In Table 1 are given the Raman shifts expressed in wave numbers 
together with numbers 1 to 10, representing the order of intensity and the probable limit of error 
judged by the shape and repeatability of the photometer curves. The value of the Raman shift 
is selected by taking either the mean of the values obtained from two or three of the best photo- 
graphs or by selecting the more sharply defined one if it is obviously superior in one case. Thirty 
lines for nicotine are listed and twenty-five for nornicotine. The lines labelled ‘‘simple’’ appear 
to be narrow, sharp lines while the ‘‘complex’’ ones probably consist of a bundle of lines. The 
absence of a recorded line in the region of 3,300 corresponding to the NH. band in the nornico- 
tine molecule, is probably due to the low sensitivity of the photographic emulsion to the spectral 
region in which it would have fallen. 


Pig. 2. 


TABLE 3. 
Smooth values of molal relative lowering of vapour pressure. 
m (= Moles of solute RX 104. (R=Ap/mp). _ 
per kg. water). Nic.HCl. Nornic.HCl. Nie.(HC1)>. Nornic.(HCl)o 

0-1 320 320 413 412 
0-25 300 300 397 395 
0-5 281 279 390 387 
1-0 261 258 390 385 
2-0 248 240 430 399 
3-0 247 235 460 416 
4-0 256 236 501 434 
5-0 272 240 

6-0 243 


Vapour Pressures. Vapour pressures of solutions of the hydrochlorides at various con- 
centrations were determined by the isopiestic method described by Robinson and Sinclair 
(1934). Potassium chloride solutions were used for reference just as they did, and the stan- 
dard values adopted were the same. Table 2 gives the experimentally determined molalities of 
isopiestic pairs and Table 3 the smoothed values of relative lowering of the vapour pressure 
obtained from the graphs shown in Fig. 2. R—the relative lowering of the vapour pressure 
per mole is plotted against m—the concentration in moles per 1,000 gm. of water. The 
R:m curves for potassium chloride and barium chloride are included for comparison. 
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DISCUSSION. 


Comparisons of the boiling points, densities, expansion coefficients and sur- 
face tensions all indicate that the intermolecular forces are greater in nornicotine 
than in nicotine. Working on the assumption that in similar molecules the ‘‘avail- 
ability’’ of greater external attractive forces corresponds with weaker bonds within 
the molecule, one might expect that in the nornicotine molecule some of the link- 
ages are weaker than those in nicotine, and that these would show up in the Raman 
spectra as smaller shifts in corresponding lines. This is actually observed for, 
excepting the lowest shifts detected—117, 140—which must correspond with large 
group oscillations and therefore are smaller on the nicotine side on account of the 
greater mass due to the methyl group, we find that when there is a definite differ- 
ence the smaller numbers are generally on the nornicotine side. The two most 
intense lines in the spectrum and the most accurately measured, are slightly 
smaller in number on the nornicotine side—1,041, 1,037 and 1,591, 1,589. The 
most marked difference oceurs between the 2,947, 2,874 lines which apparently 
correspond to a—C—H bonds in the pyrrolidine nuclei. There is a little differ- 
ence between the B—C—H bonds, 2,963, 2,960 or between the pyridine=C—H 
bonds 3,050, 3,052. Of the remaining lines that obviously correspond, the differ- 
ences are within the error of measurement except perhaps in the 1,457, 1,450 pair, 
where again the smaller is on the nornicotine side. 

The vapour pressure curves show that the osmotic activities of the hydro- 
‘ chlorides are identical in dilute solution but diverge considerably as the concen- 
tration rises, the divergence being greater in the case of the dihydrochlorides. 
This can be explained by assuming a greater degree of hydration of the nicotinium 
ion. One might have expected the reverse considering the greater external chemi- 
eal forces exhibited by the nornicotine molecule. However, the change to the 
ionic form is accompanied by a reversal of sign of the polarity due to the nitro- 
gen atom (cf. aniline is ortho-para orientating but aniline salts are meta orientat- 
ing) and the relative influences on the bond strengths between neighbouring atoms 
might well be reversed. That some such reversal occurs is also evidenced by the 
observation we have made that whereas nornicotine is more stable than nicotine 
to atmospheric oxidation, judged by the rate of development of colour, the rela- 
tive stability of their salts in, solution is the reverse, as judged by the same crite- 
rion. It has previously been observed that nornicotine forms a stronger base than 
nicotine, which is equivalent to saying that the ion has a stronger positive polarity. 
A more complete interpretation of the vapour pressure data awaits further 
development of the theory of strong electrolytes. Collecting vapour pressure data 
on other organic salts might well assist in this. 

As regards the relation between physico-chemical properties and pharmaco- 
logical action, little can be said until more is known of the chemical structure 
of those nervous centres with which these drugs react to produce their effects. 
It can be suggested, however, that the stronger basicity of the nornicotine, accom- 
panied as it is by a smaller relative solubility in organic solvents as against water, 
would mean that its passage through a fatty membrane would be slower than 
that of nicotine. The observed slowness of action and greater persistence of the 
effects of nornicotine as compared with those of nicotine, may be due to this. 

SUMMARY. 

Measurements have been made of the densities, thermal expansion coefficients. 
surface tension, Raman spectra of nicotine and nornicotine and of the vapour 
pressures of aqueous solutions of their hydrochlorides, and some tentative deduc- 
tions concerning physiological action are presented. 
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The study of the alkaloids of the nicotine group has received fresh impetus in 
recent years by the discovery that l-nicotine does not dominate the field as com- 
pletely as was previously believed. For example, Hicks and Le Messurier (1935) 
showed that the chief alkaloid of Duboisia Hopwoodii was not nicotine, but 
d-nornicotine. Again, C. R. Smith (1937) has found that in Nicotiana Sylwestrine 
95 p.c. of the alkaloid is ]-nornicotine and 5 p.c. l-nieotine. Other workers have 
found evidence that there is some variation in the alkaloid content of other mem- 
bers of the Nicotiana family, but apparently not very much has yet been done 
to complete a detailed analysis of them. 

The observation which led Hicks and Le Messurier to investigate Duboisia 
Hopwoodii, was that the aborigines of Central Australia used the leaves to poison 
emus and also sometimes to prepare a chew—‘‘ pituri’’—when there was a scarcity 
of Nicotiana which was preferred. Two varieties, N. Excelsior and N. Gosseii, 
occur in those regions, the latter only to a very limited extent. Preliminary 
investigations three years ago showed that the chief alkaloid in the leaves of each 
of these plants was undoubtedly nicotine but that there was a considerable propor- 
tion of a substance of higher boiling point. Since then a larger quantity of 
N. Eveclsior has been obtained and examined in greater detail. Further extracts 
of Dubsisia Hopwoodii have also been prepared and examined. 


METHOD OF EXTRACTION. 


Powdered dry leaf was moistened with about equal weight of 20 p.c. caustic soda solution, 
keeping it in a granular state. This was shaken with successive changes of ether which was 
siphoned off and extracted with a small volume of acidulated water. The latter, afterwards made 
strongly alkaline with soiid caustic soda, was re-extracted with ether. The ether was evaporated 
off and the residual alkaloid distilled at 1-2 mm. pressure. The addition of quicklime to the 
distilling flask was found to assist in retaining the highly coloured complex impurities. This 
method of extraction is simpler than those previously used involving initial extraction of the leaf 
with alcohol or water and the yields obtained compare favourably. They were, from N. Excelsior 
(3 specimens) 1-1, 2-2, 2-9 p.c.; from N. Gosseii, 1-1 p.e.; from Duboisia Hopwoodii (3 speci- 
mens), 1-8, 1-9, 2-6 p.e. 

EXAMINATION. 


By distillation the alkaloids of N. Excelsior were divided into seven fractions. The first 
three were evidently fairly pure nicotine and then there was a gradual rise of boiling point. The 
latter fractions were examined individually by fractional extraction of an ethereal solution 
(2 ee. portions of alkaloid in 50-100 cc. ether) with ten or more 2 ec. lots of water saturated 
with NaCl and containing hydrochloric acid the equivalent of about one gm. of nicotine in 10 ce. 
These fractions were tested by formation of picrates. In each ease the first base to come out 
gave a picrate of M.P. 187-9° C. uncor., (nornicotine picrate M.P. 189° C.). Nicotine came out 
next. There was a fairly sharp division, although of course the M.P.’s obtained were low for 
fractions near the transition. As an example, the M.P.’s obtained in one lot were for fractions 
1 to 5-187°, 6-182°, 7-218°, 8-221°, 9-224°, 10-225° C. These figures indicate that the sample 
eontained about 60 p.c. nornicotine and 40 p.e. nicotine. The last fractions quickly became very 
deeply coloured as nicotyrine solutions do, and did not provide satisfactory picrate crystallization. 
We assume that the weak base fractions were a mixture of products of oxidation, such as 
nicotyrine, pyridyl pyrrole, etc. On summation the results indicate that nornicotine formed 
15-17 p.c. of the total alkaloids, weak base oxidation products 3-4 p.c. and the remainder nicotine, 
about 80 p.e. 








1Under grant from the Council for Scientific and Industrial Research. Work completed in 
1940, but not published owing to the war. 
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The identification of the strongest base fraction as nornicotine was confirmed by formation 
of the picrolonate M.P. 225° C. Also some fractions were combined and the base purified by 
recrystallizing the picrate from which the free base was obtained in the usual way and distilled, 
yielding a clear liquid, 8.G. = 1-070, 20° C., specific rotation [a]p = —76-6° (raised to 
—83-2° after recrystallizing the perchlorate). From another specimen of N. Excelsior nor- 
nicotine of [a]p = —84-0° C. was obtained without perchlorate recrystallization. Purified 
nicotine obtained by further distillation of the nicotine fractions gave S.G. = 1-00923° C., 
la]p = — 166-2° C. 

In the case of the Duboisia alkaloid, distillation indicated that no appreciable quantity of 
subsidiary alkaloids was present, other than the expected small percentage of oxidation products. 
The optical rotation of different specimens varied within the limits [a]p = 38°-48°. B 
recrystallizing the perchlorate from dry methy] alcohol plus ether, specimens of specific rotation 
&3°-84° were obtained. 








(NFRA-RED 
ABSORPTION SPECTRUM 





Fig. 1. 


That racemization does not occur during extraction is certain, because deliberate attempts 
to racemize failed. The rate of racemization is found to be very slow except under extremely 
severe conditions, such as heating the hydrochloride in solution in a sealed tube to 250° C., 
when decomposition to tar also oceurs. 

Spath (1935a) has given the figure 88-8° as the specifie rotation of the pure isomer, but 
we suspect his measurements to be subject to a systematic error. We believe 84-0° to be nearer 
the correct figure, evidence being provided from three different sources: (a) The results of 
repeated recrystallization of the perchlorates of both dextro and laevo varieties of nornicotine 
yielded on five occasions values ranging from 83-2°-84-0°; (b) Methylation of d-nornicotine 
|[a]p = 83-6° by formaldehyde + formie acid (Spiith, 1935), yielded d-nicotine of 
|a]p = 168-4° instead of ca. 159° calculated on the basis of 88-8° as the true specific rotation 
of pure d-nornicotine and 169-3° of pure d-nicotine | Lowry and Lloyd (1929]; (¢) L-Nicotine 


of [a]p = — 166°, on demethylation by silver oxide (Spiith, 1936) yielded 1-nornicotine of 
|a]p = — 82-6°. The products were purified through the picrate but we have never found this 


to be accompanied by optical purification. We cannot explain these results except by assuming 
Spith’s figure to be high. Our rotation measurements were carried out on two different instru- 
ments using polarimeter tubes whose lengths were measured with a travelling microscope. 


SUMMARY. 


Of the total alkaloids found in Nicotiana Excelsior approximately 80 p.c. 
was I-nicotine and 15-17 p.c. l-nornicotine. In Duboisia Hopwoodii no indication 
was found of any appreciable amount of alkaloid other than d-nornicotine— 
partially racemized to the extent of 43-55 p.c. Evidence is produced to indicate 
that 84-0° is the correct figure for the specific rotation of pure d-nornicotine. 
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Colorimetric methods of analysis are particularly suited to the investigation 
of biological problems, where it is often more important to make determinations 
on a large number of samples than to aim at a very high order of accuracy for each 
determination. Although, with some colorimetric methods it is possible to intro- 
duce refinements which will reduce the experimental error to very low limits, it is 
often permissible to simplify the procedure to achieve the object of rapidity of 
determination. 

However, the limits of error within which one must work are dictated by the 
problem itself, and when selecting the most suitable analytical procedure these 
limits must be taken into consideration. 

The molybdenum content of plant and animal tissues is normally only a few 
parts per million of the dry matter and in determining the molybdenum it is neces- 
sary to select a method with a high sensitivity, and the procedure must be as simple 
as possible to enable a large number of samples to be handled in a reasonably short 
time. If one is concerned with the detection of deficient uptake of molybdenum, 
the low ‘‘normal’’ content of the material necessitates the use of a method which 
has the further qualification of being capable of yielding results of a fairly high 
order of aceuracy. 

Although spectrographie methods may possess the necessary sensitivity and 
be capable of the necessary accuracy (Stuart et al., 1946), the refined equipment 
and highly trained personnel are not always available. We have, therefore, in- 
vestigated the colorimetric methods for the determination of small amounts of 


molybdenum. 

Of the colorimetric methods in the literature, that described by Malowan (1919) is based 
on the formation of a red-coloured complex of molybdenum with potassium ethyl xanthate; 
Montignie (1930) used the red-coloured complex with phenyl hydrazine and Falciola (1927) 
developed a method using the reaction of molybdenum in acid solution with sodium thiosulphate 
giving a lilac-coloured complex. 

However, the methods which have been employed most extensively are based on the reaction, 
originally observed in 1863 by Braun, between molybdenum and an alkali thiocyanate in the 
presence of a reducing agent. Braun recorded that ‘‘a distinct rose-red colour’’ was produced 
when potassium thiocyanate, zine and hydrochloric acid, were added to 5 ml. of a solution con- 
taining as little as 10 micrograms of molybdenum. This coloured complex was extractable in 
ether. 

King (1923) applied this reaction in developing a colorimetric method for the estimation of 
small amounts of molybdenum in steels. He concentrated the thiocyanate complex by several 
successive extractions with ethyl ether and compared the density of the colour with that of a 
standard of known molybdenum content in a specially designed colorimeter. Maag and 
McCollum (1925) introduced minor modifications of the method and James (1932) found that 
if butyl acetate were substituted for ether, one extraction was sufficient. Hurd and Reynolds 
(1934) found the colour to be unstable in butyl acetate and suggested the use of cyclohexanol. 

Stanfield (1935) adapted the method to the estimation of molybdenum in plants and soils, 
but preferred a preliminary separation of the molybdenum as sulphide and, before extracting 
the coloured complex, he saturated the butyl acetate with thiocyanate and stannous chloride. 
Later in the same year, Hurd and Allen (1935) examined the variables involved in the deter- 
mination of molybdenum as the thiocyanate complex and suggested optimal conditions. These 
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conditions were used by Marmoy (1939) in adapting for plant materials the method which 
Sandell (1936) used for the determination of molybdenum in silicate rocks, without preliminary 
separation as the sulphide. 

In the method deseribed by Marmoy (1939) the sample is ashed in a mufile furnace and 
taken into solution in hydrochloric acid. The acid concentration of a suitable aliquot in a 
separating funnel is adjusted with concentrated hydrochloric acid, and to this solution 3 ml. of 
10 p.c. potassium thiocyanate and 3 ml. of 10 p.c. stannous chloride in 3 p.c. hydrochloric acid 
are added, in that order. The aqueous solution is extracted several times with ether which has 
been saturated with stannous chloride and thiocyanate. The molybdenum content is then 
determined by comparison with a standard solution similarly prepared. 

Both Stanfield (1935) and Marmoy (1939) prepared the sample for analysis 
by ignition in a muffle furnace, and the present investigation was undertaken pri- 
marily to adapt the method to the determination of molybdenum in plant and ani- 
mal tissues when the organic matter had been destroyed by the more rapid and 
convenient method of ‘‘ wet ashing’’ with sulphurie, nitric and perchloric acids. 

As ether was found to be an unsuitable solvent, the properties of a number of 
other solvents were investigated and it was found that iso-amy] aleohol was the 
most satisfactory. 

It then became necessary to re-examine the effeets of the coneentration of the 
various reagents in the aqueous phase on the density and stability of the colour in 
this solvent. In the course of this werk, it was found that a minimal quantity of 
iron was essential for the development of a reproducible, stable colour and the 
function of iron in this reaction has been examined. 

As a result of these investigations it has been found possible to formulate a 
satisfactory procedure for the determination of small amounts of molybdenum in 
plant and animal tissues. 


EXPERIMENTAL. 
Apparatus. 
Throughout this work a Coleman Double Monochromator Spectrophotometer (Model 108) 
with an effective slit width of 5 mu has been used for al! colour density measurements. 


Preparation of Reagents. 


20 p.c. hydrochloric acid. Dilute A.R. grade concentrated hydrochloric acid to approxi- 
mately 20 p.c. HCl (w/w) and distil from a Pyrex all-glass distillation apparatus, collecting the 
middle constant-boiling fraction only (temp. approx. 108-109° C). 

Stannous chloride. (a) 50 p.c. solution: Weigh out 12-5 gm. A.R. grade stannous chloride, 
dihydrate and add 6 to 7 ml. of the 20 p.c. hydrochloric acid. Boil until solution is complete. 
Cool and add a granule of metallic tin. Dilute to 25 ml. with glass-distilled water. 

(b) 20 p.c. solution: Weigh out 10-0 gm. stannous chloride, add 5 ml. of 20 p.e. hydro- 
ehlorice acid. Boil until solution is complete, cool, add a granule of tin and dilute to 50 ml. with 
glass-distilled water. 

20 p.c. potassium thiocyanate. Dissolve 50 gm. of A.R. grade potassium thiocyanate in glass 
distilled water and make up to 250 ml. Extract with amyl aleohol to remove any ferric 
thiocyanate. 

Ammonium hydroxide. A.R. grade 0-880 ammonia usually requires no further purification. 

Amyl alcohol. Reagent grade iso-amyl alcohol (3-methyl-1-butanol) is purified by frae- 
tional distillation and the fraction boiling between 130° C, and 132° C. is qollected. For use 
100 ml. of amy] alcohol are thoroughly shaken with 5 ml. 50 p.c. stannous chloride and 5 ml. 20 p.e. 
thiocyanate in a separating funnel, the aqueous layer run off and the saturated amyl alcohol 
finally spun in a centrifuge to remove undissolved aqueous phase. 

Standard iron solution. Dissolve 0-7022 gm. of pure ferrous ammonium sulphate hexahy- 
drate in water and dilute to 1 litre. This solution contains 100 micrograms of iron per ml. 

Standard molybdenum solution. Dissolve 0-0920 gm. of pure ammonium molybdate 
tetrahydrate ({NH4]g Mo;O0,.4H.O) in water and dilute to 500 ml. This solution contains 
100 micrograms of molybdenum per ml. More dilute solutions are prepared as required. 

Choice of Solvent for Extraction of the Colowred Complez. 

Most of the earlier workers (King, 1923; Maag and MeCollum, 1925; Stanfield, 1935; 
Marmoy, 1939; and Sandell, 1936) used ethyl ether for the extraction of the molybdenum- 
thiocyanate complex, but the high volatility of this solvent makes it undesirable for use in 
quantitative colorimetry. We found in practice also, that difficulties were encountered in 
obtaining a clean separation of the ether and water phases in the presence of stannic chloride. 
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Hurd and Reynolds (1934), who suggested the use of cyclohexanol, found that the colour 
was unstable in butyl acetate, the solvent which had been used by James (1932) in place of 
ether. We have found, however, that none of these solvents is ideal for the extraction of the 
thiocyanate complex. With butyl acetate, as with ether, several extractions are necessary for 
quantitative recovery and cyclohexanol is objectionable because of its physical properties. It 
is a viscous liquid which solidifies at room temperature in the winter (M.P. 22-25° C.) and is 
quite appreciably soluble in water (approximately 6 p.c. at room temperature). 
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Fig. 1. The absorption spectra of Fig.2. The absorption spectra of 
‘*molybdenum thiocyanate complex’’ in ‘*molybdenum thiocyanate complex’’ in 
several solvents. I, in iso-amy! alcohol, water. I, in the absence of iron; II, in 
no iron present; II, in cyclohexanol; the presence of 100 micrograms of iron. 
III, in iso-amyl alcohol; IV, in butyl 
acetate; V, in dicthyl ether; in each of 
the last four cases 100 micrograms of iron 
were added. 


With iso-amy] aleohol (3-methyl-1-butanol) none of these objections applies. The coloured 
complex is completely extracted from 25 ml. of aqueous phase, containing up to 40 micrograms of 
molybdenum, by one extraction with 10 ml. amyl alcohol; the phases separate rapidly and 
cleanly and amyl alcohol has a comparatively low solubility in water. The solvent can be 
recovered after use in the determination by steam distillation from alkaline solution followed 
by a fractional distillation. 

The colour of the complex in the various solvents was examined by constructing spectral 
absorption curves. An aqueous solution of ammonium molybdate containing 5 micrograms of 
molybdenum per ml. was prepared from the stock solution. To a series of stoppered vessels were 
added 6 ml. of this solution (30 ug. Mo.) 4-5 ml. of 20 p.e. hydrochloric acid and 1 ml. of the 
standard iron solution (100 ug. Fe) and the volume made up to 25 ml. with glass-distilled water. 
To these solutions 4 ml. of 20 p.c. potassium thiocyanate and 1 ml. of 20 p.c. stannous chloride 
solution were added and thoroughly mixed. The coloured complex was then extracted by shaking 
with 10 ml. of a solvent, one tube being used for each solvent. 

The absorption curves for the thiocyanate complex in ether, butyl acetate, cyclohexanol and 
amyl! aleohol are reproduced in Fig. 1, which also shows the absorption curve of the coloured 
complex in amyl alcohol developed under the same conditions as above except that no iron was 
added to the solution. It is seen that in all cases the absorption maximum is in the region of 
465 mu but the density is greater in some solvents than in others. 

Fig. 2 shows the absorption curves in the aqueous phase both in the presence and absence 
of iron. Although the colour density is lower than in the amyl alcohol phase it is seen that in 
both cases the absorption maximum is in the same region. 
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The Effect of Iron. 


In order to test its conformity with the Beer-Lambert law an extinction-coefficient concen- 
tration curve was constructed from transmission readings on the amyl! alcohol extracts from a 
series of solutions containing different quantities of molybdenum but no iron. On readings 
taken immediately after the extracts were prepared this curve was not a straight line, but if 
further readings were taken after the extracts had been standing in open tubes for some 
considerable time the curve progressively approached linearity until after 10 days’ standing it 
approximated a straight line over the range 0 to 40 micrograms of molybdenum. This effect is 
illustrated in Fig. 3. 
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cyanate complex’’ in amy! alechol. intensity of ‘‘molybdenum thiocyanate 


complex’’ in iso-amyl alcohol, at three 
different concentration levels. I, 10 
micrograms of molybdenum; IT, 20 micro- 
grams of molybdenum; III, 30 micro- 
grams of molybdenum. 


However, when sufficient iron is added to the solution before development of the colour a 
straight line relationship is obtained immediately and the colour remains stable. 

To determine the minimum quantity of iron required in the reaction a series of solutions 
containing a fixed amount of molybdenum and varying amounts of iron was prepared and the 
transmissions of the amy] alcohol extracts determined. 

Fig. 4 records the results of these readings at three different levels of molybdenum. It 
shows that the colour density increases with increasing amounts of iron until a certain minimal 
iron concentration is reached. Further increases in iron concentration do not significantly 
increase the colour density, but the minimal amount of iron required for full colour development 
increases as the amount of molybdenum increases. This, also, is seen in Fig. 4 where the points 
of inflexion of the three curves for 10, 20 and 30 micrograms of molybdenum are equivalent to 
approximately 6, 12 and 18 micrograms of iron. 

It was shown in Figs. 1 and 2 that the absorption curves have the same maxima and 
general form whether the colour is developed in the presence or absence of iron. 


The Effect of Varying Acid Concentration. 


The effect of acid concentration on the density and stability of the colour was studied in 
the aqueous phase. For this purpose an aqueous solution of ammonium molybdate containing 
5 micrograms of molybdenum per ml. was prepared from the stock solution. To 6 ml. portions 
of this solution (30 ug. of molybdenum) in stoppered vessels, varying amounts of 20 p.e. 
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hydrochloric acid were added to give final acid concentrations ranging from 1 to 5 p.c., and the 
volume made up to 25 ml. with water. To these solutions 4 ml. of 20 p.c. potassium thiocyanate 
and 1 ml. of stannous chloride were added and mixed by inversion. The transmissions of these 
solutions were read immediately and at intervals up to 50 minutes. Similar solutions to which 
109 micrograms of iron had been added before colour development were also prepared and the 
same measurements made. The results of these experiments are recorded in Figs. 5 and 6. 

It is seen that in the absence of iron (Fig. 5) the colour intensifies during the first 5 to 10 
minutes when the acid concentration is 3 p.c. or less and that in higher acid concentrations 
this intensification does not occur. In these higher acid concentrations maximum colour 
development is apparently attained in a very short time and the colour commences to fade 
immediately and at a greater rate than in the lower acid concentrations. 

When the colour is developed in the presence of 100 micrograms of iron (Fig. 6) the 
intensification which was observed in the lower acid concentrations without iron is absent. In 
all acid concentrations in the presence of iron, the curves are similar to those recorded in Fig. 5 
for acid concentrations of 4 p.c. and 5 p.c., except that in all cases where iron is present the 
colour density is considerably higher. 
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Numerals indicate final acid concentration. micrograms of iron. Numerals indicate final acid 


concentration. 


It will be noted that under both conditions in the aqueous phase the colour is most stable 
when the acid concentration is 3 p.e. 

When, however, the complex is extracted into amyl alcohol immediately after the colour 
has been developed in the presence of 100 micrograms of iron, the variations recorded in Fig. 6 
due to acid concentration are eliminated and in each case the colour density remains constant for 
periods up to 120 hours. 

It is therefore necessary, as a result of the instability of the colour in aqueous solution, 
to make the extraction without delay. The colour remains stable in the amyl] alcohol even when 
left in contact with the aqueous phase for considerable periods. 


The Effect of Varying the Stannous Chloride Concentration. 


With the acid concentration at 3 p.c. in the presence of 100 micrograms of iron, the density 
of the colour extracted into amyl alcohol from 20 micrograms of molybdenum was found to be 
constant for concentrations of stannous chloride in the aqueous phase ranging from 0-6 to 2-0 p.c. 

However, the functions of the reducing agent in this reaction are twofold; to reduce the 
molybdenum to the quinquivalent state (Hiskey and Meloche, 1940) for the formation of the 
red-coloured thiocyanate complex, and to reduce the iron to the colourless ferrous thiocyanate 
and so prevent interference by the red ferric salt. 

With samples of high iron content it becomes necessary, in practice, to saturate the solvent 
with stannous chloride to prevent the reoxidation of the ferrous thiocyanate. It was found most 
satisfactory to shake the amyl alcohol with one twentieth of its volume of 50 p.c. stannous 
chloride and then with the same volume of 20 p.c. potassium thiocyanate. This gives an amyl 
aleohol containing 2-5 p.c. stannous chloride which may be stored for several days and is 
effective in preventing interference by ferric thiocyanate when the aqueous phase contains up 
to 400 micrograms of iron without causing any fading of the colour of the molybdenum complex. 
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The Effects of Other Variables. 


In preparing the sample for analysis by the ‘‘wet digestion’’ method, the neutralization 
of the residual sulphuric acid with ammonia results in the production of ammonium sulphate. 
The actual amount of this salt varies according to the proportion of the sulphuric acid boiled 
off in the last stages of the digestion, but the final concentration will usually lie between the 
limits of 5 and 7-5 p.c. It was found by experiment that the intensity and stability of the 
colour of the molybdenum-thiocyanate complex extracted into amyl alcohol is independent of 
the ammonium sulphate concentration within the range 0 to 15 p.e. 

The concentration of potassium thiocyanate in the aqueous phase may be varied between 
0-2 p.ec. and 10-0 p.ec. without affecting the colour extractable in amyl alcohol. 


DETAILS OF METHOD ADOPTED. 


The oven-dried sample is finely ground and redried in a desiccator. A sample 
containing up to 30 micrograms of molybdenum (usually about 1 gm.) is trans- 
ferred to an 8 in. x 1 in. Pyrex tube and the organic matter destroyed by diges- 
tion with sulphuric, perchloric and nitric acids as described by Eden and Green 
(1940). After digestion is complete and the contents have been boiled for a few 
minutes and cooled, approximately 4 ml. of distilled water are added and the 
contents again boiled. When cold, two drops of methyl orange indicator solution 
are added and sufficient ammonia (S.G. 0-880) to neutralize the sulphuric acid. 
The sample is then made just acid with 6 N hydrochloric acid and 4-5 ml. of this 
acid added in excess to give a final concentration of 3 p.c. HCl. 


TABLE 1. 


Recovery of molybdenum in experiments with plant and with animal tissues. 


Molybdenum Total 
content Added molybdenum 

of sample molybde- deter- Percentage 

Sample. ug./gm. num ug. mined ug. recovered 
316 a 3°2 20-0 23-5 101-5 
Liver—(1 gm.) b 3-2 20-0 23-2 100-0 
e 3-1 20-0 23-2 100-5 
a 32 5:0 8-2 100-0 
b 3-2 5-0 8-2 100-0 
e -1 5-0 8-2 100-2 
293 a 33°0 5-0 21-5 100-0 
Liver—(0-5 gm.) b 33-0 5-0 21-5 100-0 
c 32-8 5-0 21-5 100-2 
Erodeum moschatum a 27°3 10-0 37-3 100-0 
No. 6 (1 gm.) b 27-3 10-0 37-1 98-0 
Erodeum moschatum a 5:8 10-0 15-8 100-0 
No. 5 (1 gm.) b 6-0 10-0 16-0 100-0 
Hordeum leporinum a 3-1 5-0 8- 100-0 
No. 4 (1 gm.) b 3-0 5-0 8-0 100-0 
Heliotropium europaeum a 0-6 1-0 1-6 100-0 
W—271 (1 gm.) b 0-6 —_ _ _— 


The solution is transferred to a 100 ml. Pyrex funnel and if the sample con- 
tains less than 100 micrograms of iron, 1 ml. of the standard iron solution is added. 
The volume is made up to 25 ml. with distilled water and 4 ml. of 20 p.c. potassium 
thiocyanate and 1 ml. of 20 p.c. stannous chloride solution are added. The con- 
tents of the funnel are mixed by inversion, and then 10 ml. of amyl alcohol con- 
taining stannous chloride and potassium thiocyanate are added from a burette. 
After shaking for one minute, the phases are allowed to separate and the aqueous 
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layer run off. A 25 ml. amount of a freshly prepared 1: 100 dilution of the 20 p.c. 
stannous chloride is next added and the funnel again shaken. After draining off 
the aqueous layer, the amy! alcohol is transferred to a 15 ml. centrifuge tube. 
The extract is centrifuged for five minutes to remove water droplets and the per 
cent. transmission at 465 and 496 mp» determined. The molybdenum content of 
the sample is then determined by reference to a calibration curve prepared from 
transmission readings at a wave-length of 465 my on a series of solutions of known 
molybdenum content. A second calibration curve for readings at 496 mp (the 
absorption maximum of ferric thiocyanate) serves to detect any interference by 
iron. 


RECOVERY EXPERIMENTS. 


The method was tested for accuracy and sensitivity by conducting a number of recovery 
experiments on both plant and animai tissue. Appropriate quantities of standard molybdenum 
solutions were added prior to digestion of samples of known molybdenum content and the total 
amount of molybdenum determined. These recoveries are reported in the Table 1. 


DISCUSSION. 


Since Braun (1863) originally described the formation of a coloured complex 
between molybdenum and alkali thiocyanates, many papers on the nature of this 
complex and on the application of the reaction as an analytical method for the 
quantitative determination of molybdenum have appeared in the literature. How- 
ever, it does not seem to have been appreciated that when iron is present it plays a 
very significant part in the reaction which results in the formation of the coloured 
complex. In the application to the determination of mclybdenum in steels, King 
(1923) developed the coloured complex in solutions prepared from steels of known 
molybdenum content for comparison with the samples to be determined. Other 
authors (Maag and McCollum, 1925; Cox and Pollitt, 1944) have followed the same 
procedure which has resulted in the fortuitous presence of adequate iron in both 
standard and unknown. However, when the method is applied to the analysis of 
materials other than steel and solutions of pure molybdenum salts are used for 
comparison with the unknowns, serious errors are likely to be introduced. Most 
samples of biological origin will contain iron, usually in amounts considerably in 
excess of the molybdenum. If the sample contains one gm. atomic weight or more 
of iron for each gm. atomic weight of molybdenum it is seen, from Fig. 4, that full 
colour production will be obtained. However, in the case of the standards against 
which these colours will be compared, the only source of iron in the solution will 
be that introduced as a contaminant in the reagents. Should the reagents be free 
from iron then the colour produced from a definite amount of molybdenum in the 
standard will be considerably less than that produced from the same amount of 
molybdenum in the sample. As a result erroneously high values will be recorded 
for the sample and the magnitude of this error will depend upon how closely the 
iron content approaches the ‘‘threshold’’ value of one gm. atomic weight for each 
gm. atomic weight of molybdenum. This difficulty is most simply overcome by 
adding a known amount of iron to both standard and unknown. 

It was shown in Fig. 4 that the threshold value for iron varied directly as the 
amount of molybdenum present in the solution and that 6, 12 and 18 micrograms 
of iron were necessary to obtain full colour development with 10, 20 and 30 micro- 
grams of molybdenum respectively. These ratios are in the proportion of the 
atomic weights of the two elements and it suggests that the iron actually enters 
into the molecule of the coloured complex in the ratio of 1 atom of iron to 1 atom 
of molybdenum. 
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It will be seen from Fig. 1 that the complex molybdenum thiocyanate formed 
in the absence of iron has the same colour characteristics as the iron-molybdenum 
thiocyanate. It therefore seems probable that, in the absence of iron, molybdenum 
occurs in both the chromogenic and the non-chromogenic parts of the molecule, but 
that when iron is available, it replaces molybdenum in the non-chromogenic posi- 
tion and frees a further atom of molybdenum for the formation of another mole- 
cule of the complex with the resulting intensification of the colour of the solution. 

One possible formulation would be : 


In the absence of iron: Mog [MoO(CNS)>5]3. 
In the presence of iron: Fe [MoO(CNS);]. 


Thus, the suggestion is that, in the presence of iron, all the molybdenum is in 
the quinquivalent state and in the chromogenic part of the molecule. In the ab- 
sence of iron 40 p.c. of the total molybdenum in the molecule is in the tervalent 
state, and as such, would not, according to Hiskey and Meloche (1940) form a 
coloured thiocyanate. When this molybdenum is brought into the chromogenic 
part of the molecule and becomes quinquivalent, as in the presence of iron, it would 
result in a greater intensity of colour for the same amount of molybdenum in the 
solution. Thus, in the absence of iron the colour produced should be only 60 p.e. 
of that produced in the presence of adequate iron. This is, in fact, the ratio we 
find experimentally. 

Although Hoffman and Lundell (1939) suggest, in the separation of molybde- 
num from rhenium, that the function of iron is to improve the extraction of the 
molybdenum-thiocyanate complex in ether, we find that, even in the absence of 
iron, molybdenum is completely extracted and full colour development can then 
be obtained by shaking this extract with a dilute aqueous solutien of an iron salt, 
which conforms with the hypothesis that iron enters into the structure of the 
coloured complex. 

Copper was found to have a similar effect to iron and when curves similar to 
those in Fig. 4 are constructed with a constant amount of molybdenum and vary- 
ing amounts of copper it is found that the colour density increases until three 
atoms of copper are present for each four atoms of molybdenum. Further addi- 
tions of copper have no effect on the colour density. 

Sodium, silicon, potassium, calcium, titanium, vanadium, chromium, manga- 
nese, cobalt, nickel, zine, arsenic, silver, tin, antimony, tungsten and mercury do 
not cause any intensification of the colour of the molybdenum-thiocyanate com- 
plex. 

While these elements were found to be without influence in effecting full 
colour development of the molybdenum-thiocyanate complex, the behaviour of 
titanium deserves some attention. The addition of titanium to a system contain- 
ing molybdenum which is later transferred to the amyl alcohol as the orange- 
eoloured thiocyanate complex, causes the appearance of a yellow colouration. This 
colouration interferes by masking the true colour of the molybdenum-thiocyanate 
complex. This effect is noticeable if the titanium content of the system exceeds 
80 micrograms. This is often the case in plant tissue. The absorption charae- 
teristics of the amyl alcohol phase become modified so that the point of maximum 
absorption moves towards 400 mz. 

In the method finally adopted, the amyl alcohol extract of the acid digest 
initially contains all the molybdenum and most of the iron, while the titanium, if 
present above the amount stated, will produce the interfering yellow colouration 
in the amyl aleohol. If this extract is now shaken with 25 ml. of 0-2 p.c. stannous 
chloride not only will the interference due to titanium be removed, but the greater 
part of the iron will be returned to the aqueous phase. 
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Fig. 7. The effect of titanium on the 
colour of the iso-amyl alcohol extract 
of a plant digest of low molybdenum 
content. 

I, no added titanium; II, 80 micro- 
grams of titanium added to sample before 
extraction; ITI, 135 micrograms of 
titanium added to sample before extrac- 
tion; IV, absorption spectrum obtained 
after shaking iso-amyl extract II, with 
25 ml. of 0-2 p.c. stannous chloride; V, 
absorption spectrum of iso-amyl extract 
of plant digest which by analysis was 
known to contain 120 micrograms of 
titanium; VI, absorption spectrum ob- 
tained after shaking extract V, with 25 ml. 
of 0-2 p.c. stannous chloride. 
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The molybdenum complex is not, 
however, decomposed under these condi- 
tions, so that amyl alcohol solution of the 
complex, the density of which is finally 
determined, is free from the masking 
effect of titanium, as well as possible 
error from slow oxidation to the ferric 
condition of the large amount of ferrous 
iron that would otherwise be present. 
Both these features are particularly de- 
sirable where the very small amount of 
molybdenum naturally occurring in 
plants is sought. 

Fig. 7 shows how titanium may 
modify the colour, and how this effect 
is readily overcome by the procedure 
suggested. Curve I is that of the amyl 
alcohol extract as for molybdenum deter- 
mination, of a sample of Erodium cyg- 
norum containing approximately 40 
parts per million of titanium. Curves 
II and III are of the same system, but 
in Curve II 80 micrograms of titanium 
have been added, while in Curve III 135 
micrograms of titanium have been added. 
Curve IV shows the same system as 
Curve III after it had been shaken with 
25 ml. of 0-2 p.c. solution of stannous 
chloride in 0-02 hydrochloric acid. It is 
seen that the colour is normal, showing 
a similar absorption curve to the original 
sample. The density is somewhat greater 
in Curve IV than in Curve I owing to 
the solubility of amyl alcohol in the 25 
ml. of aqueous solution of stannous chlor- 


ide. This has the effect of concentrating the molybdenum-thiocyanate complex 


in the residual amy] alcohol. 


SUMMARY. 


The conditions for the development of the orange-coloured complex between 
molybdenum salts and alkali thiocyanates have been examined. 

As a result of these examinations modifications of the methods using this re- 
action for the determination of molybdenum are described. 

The réle of iron in this reaction has been examined and the nature of the iron 


effect is discussed. 


A number of other elements have been examined for similar effects on the 
molybdenum-thiocyanate complex and it is pointed out that, of those examined, 
only copper seems to be capable of causing any similar intensification of colour. 

The interference of titanium is discussed. 

Determinations are reproducible to within 3 p.c., between the range of 0-5 to 


40 micrograms of molybdenum. 
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ADDENDUM. 


Since the completion of this work a paper by Perrin (1946), N.Z. J. Sei. Tech., 27 (Sec. A), 
p. 396, has appeared which also gives details of the conditions necessary for the quantitative 
determination of molybdenum in bioiogical material. He, too, drew attention to the effect of 
iren in this reaction but did not indicate the stoichiometric relationship between the iron and 
molybdenum in the fully intensified thiocyanate complex. 
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